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Abstract
My main thesis work is to understand the relationship between star forma-
tion in the brightest cluster galaxy (BCG) and the thermodynamical state of the
intracluster medium (ICM) of cool core galaxy clusters. Detailed photometry of
BCGs in galaxy clusters observed in the Cluster Lensing and Supernova survey
with Hubble (CLASH) reveal ultraviolet and Hα emitting knot and filamentary
structures extending several tens of kpc. I initially focus on these structures,
which harbor starbursts forming stars at rates between < 1 M yr−1 and ∼
250 M yr−1. I perform ultraviolet through far-infrared Spectral Energy Dis-
tribution (SED) fitting on combined Hubble, Spitzer, and Herschel photometry
of CLASH BCGs, and measure star formation rates (SFRs), dust contents, and
constrain the duration of starburst activity. Using X-ray data from Chandra, I
find a tight relationship between CLASH BCG SFRs and the cooling-to-freefall
time ratio in the ICM. I propose treating the cooling-to-freefall time ratio as a
proxy for the mass condensation efficiency of the ICM in the core of cool-core
clusters, an interpretation which is motivated by recent theoretical work de-
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scribing feedback regulated condensation and precipitation of the ICM in cool
core clusters. I follow up this work by performing similar SED fitting on a
larger sample of clusters observed in the Cosmic Evolution Survey (COSMOS).
I examine the evolution of star formation in BCGs and discuss the impact of
cluster environment on BCG specific SFRs.
Besides this work, I have developed the polynomial apodized vortex coro-
nagraph (PAVC). I describe the performance of this theoretical coronagraph
design, which restores ideal starlight suppression to the vortex coronagraph in
the presence of centrally obstructed telescope pupils. The PAVC offers substan-
tial gains in throughput relative to other designs that optimize vortex corona-
graphs for obstructed pupils, and can be combined with active correction tech-
niques to account for pupils with both central obstructions and obstructions
due to support structures, segment gaps, or defects.
Primary Reader and Advisor: Marc Postman
Secondary Reader: Tobias Marriage
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2.4.3.2 Core Ṁg Estimates . . . . . . . . . . . . . . . . . . 69
2.4.4 Model Fitting to RXJ1532.9+3021 . . . . . . . . . . . . . . 74
viii
CONTENTS
2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
2.5.1 BCG-ICM Interactions . . . . . . . . . . . . . . . . . . . . . 80
2.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
2.7 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
2.7.1 SED Fitting Consistency Checks . . . . . . . . . . . . . . . 90
3 The Relationship Between Brightest Cluster Galaxy Star Forma-
tion and the Intracluster Medium in CLASH 93
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
3.2 Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
3.2.1 HST: UV through near IR photometry . . . . . . . . . . . . 100
3.2.2 Spitzer: mid-IR photometry . . . . . . . . . . . . . . . . . . 101
3.2.3 Herschel: far-IR photometry . . . . . . . . . . . . . . . . . . 102
3.2.4 Chandra: X-ray Observations . . . . . . . . . . . . . . . . . 102
3.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
3.3.1 BCG Photometry . . . . . . . . . . . . . . . . . . . . . . . . 104
3.3.1.1 Photometric Errors . . . . . . . . . . . . . . . . . . 108
3.3.2 SED Fitting . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
3.3.3 Cooling and Freefall Time Profiles . . . . . . . . . . . . . . 115
3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
3.4.1 The Starburst - ICM Connection . . . . . . . . . . . . . . . 124
3.4.2 Star Formation and Dust Parameters . . . . . . . . . . . . 131
ix
CONTENTS
3.4.3 Testing Impact of AGN Emission on SED Results on MACS1931.8-
2653 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
3.5.1 tcool/tff As A Proxy For Thermal Instability and ICM Con-
densation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
3.5.1.1 The Role of tff in the SFR-tcool/tff relationship . . 141
3.5.2 BCG Activity and Low Cooling Time Gas . . . . . . . . . . 144
3.5.3 Characteristics of Large Starbursts in BCGs . . . . . . . . 150
3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
3.7 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
4 3.4µm M/L Ratio and Stellar Mass Evolution of BCGs in COSMOS
from z < 1.0 169
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
4.2 Sample Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
4.3 Archival Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
4.3.1 GALEX Observations . . . . . . . . . . . . . . . . . . . . . . 176
4.3.2 Canada–France–Hawaii Telescope (CFHT) . . . . . . . . . 176
4.3.3 Subaru . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
4.3.4 Vista . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
4.3.5 Spitzer Observations . . . . . . . . . . . . . . . . . . . . . . 178
4.3.6 Herschel Observations . . . . . . . . . . . . . . . . . . . . . 178
x
CONTENTS
4.4 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
4.4.1 SED Construction . . . . . . . . . . . . . . . . . . . . . . . . 179
4.4.2 SED Fitting . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
4.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
4.5.1 BCG Redshift Evolution . . . . . . . . . . . . . . . . . . . . 184
4.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
4.6.1 Comparison Between Literature and Our Work . . . . . . 190
4.6.1.1 Differences in Behavior Between Literature Sam-
ples . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
4.6.2 Evolution of M/L3.4µm With Redshift . . . . . . . . . . . . . 197
4.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
4.8 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
5 Concluding Remarks 206
A Polynomial Apodizers for Centrally Obscured Vortex Coronagraphs209
A.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210
A.2 The Analytical Vortex Operator and Optimal Mask Algorithm . . 215
A.2.1 The Vector Vortex . . . . . . . . . . . . . . . . . . . . . . . . 215
A.2.2 Apodized Vortex Formalism . . . . . . . . . . . . . . . . . . 218
A.2.3 Optimal Mask Algorithm . . . . . . . . . . . . . . . . . . . . 223
A.3 The Apodizing Filter PAVC . . . . . . . . . . . . . . . . . . . . . . 230
xi
CONTENTS
A.3.1 Figure of Merit Selection . . . . . . . . . . . . . . . . . . . . 230
A.3.2 Total Energy Throughput Performance . . . . . . . . . . . 231
A.3.3 Off-Axis Source Performance . . . . . . . . . . . . . . . . . 235
A.4 The Shaped Mirror PAVC . . . . . . . . . . . . . . . . . . . . . . . 239
A.4.1 Mirror Apodizations for the PAVC . . . . . . . . . . . . . . 241
A.4.2 Mirror Apodized PAVC Performance . . . . . . . . . . . . . 245
A.5 Application To Future Telescopes . . . . . . . . . . . . . . . . . . . 248
A.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
A.7 Vortex Operator for Analytical Pupil Shapes . . . . . . . . . . . . 258
Vita 287
A.8 Refereed Articles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287
A.9 Proceedings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 289
xii
List of Tables
2.1 SOAR Observations of Brightest Cluster Galaxies . . . . . . . . . 40
2.2 UV and Hα Filters for BCG Luminosities . . . . . . . . . . . . . . 54
2.3 BCG Star Formation Rates . . . . . . . . . . . . . . . . . . . . . . . 59
2.4 tcool/tff Threshold Radii . . . . . . . . . . . . . . . . . . . . . . . . 71
2.5 SED Fitting Parameter Choices . . . . . . . . . . . . . . . . . . . . 89
3.1 Herschel Observations . . . . . . . . . . . . . . . . . . . . . . . . . 103
3.2 SED Fitting Parameters . . . . . . . . . . . . . . . . . . . . . . . . 116
3.3 BCG Stellar and Dust Parameters . . . . . . . . . . . . . . . . . . 125
3.4 Best Fit χ2 Values . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
3.5 BCG Stellar and Dust Parameters assuming a Chabrier IMF and
Calzetti attenuation law . . . . . . . . . . . . . . . . . . . . . . . . 157
3.6 BCG Stellar and Dust Parameters assuming a modified Calzetti
attenuation law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
3.7 BCG Stellar and Dust Parameters assuming Witt clumpy SMC-
like dust in a shell geometry . . . . . . . . . . . . . . . . . . . . . . 159
4.1 SED Fitting Parameters . . . . . . . . . . . . . . . . . . . . . . . . 182
4.2 Redshift Binned SFR and sSFR . . . . . . . . . . . . . . . . . . . 185
4.3 BCG Best-Fit Parameters . . . . . . . . . . . . . . . . . . . . . . . 202
A.1 Summary of Important Variables for Deriving the Apodized Vor-
tex Formalism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217
A.2 Definitions of Throughput . . . . . . . . . . . . . . . . . . . . . . . 228
xiii
List of Figures
1.1 Example ICM Morphology . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 Example RGS Spectrum . . . . . . . . . . . . . . . . . . . . . . . . 14
1.3 Correspondence Between CLASH BCG UV Morphology and Sim-
ulated Molecular Gas Distributions . . . . . . . . . . . . . . . . . . 18
1.4 Multicolor Image of the Phoenix BCG . . . . . . . . . . . . . . . . 22
1.5 CLASH Photometric Bands . . . . . . . . . . . . . . . . . . . . . . 24
2.1 BCG Color Composite Images . . . . . . . . . . . . . . . . . . . . . 37
2.2 Old Stellar SED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.3 BCG UV, Hα, and E(B − V ) Triptychs . . . . . . . . . . . . . . . . 47
2.3 Continued . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.3 Continued . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
2.4 Reddening Correction Procedure . . . . . . . . . . . . . . . . . . . 50
2.5 RXJ1532.9+3021 Hα Map . . . . . . . . . . . . . . . . . . . . . . . 56
2.6 CLASH LUV vs LHα+[NII] . . . . . . . . . . . . . . . . . . . . . . . . 57
2.7 CLASH UV SFR vs. Area . . . . . . . . . . . . . . . . . . . . . . . 60
2.8 CLASH LUV vs L[OII] . . . . . . . . . . . . . . . . . . . . . . . . . . 61
2.9 CLASH LUV vs LHβ . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
2.10 CLASH BPT and Blue Line Diagrams . . . . . . . . . . . . . . . . 64
2.11 SFR vs. Core Entropy . . . . . . . . . . . . . . . . . . . . . . . . . . 68
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The most massive galaxies in the universe occupy gas and dark matter
rich environments that drive their evolution and in rare cases can give rise to
highly energetic feedback phenomena. Recent active galactic nucleus (AGN)-
regulated feedback models propose that the evolution of cluster environments
and of massive brightest cluster galaxies (BCGs) can be regulated by the activ-
ity of a single central black hole under conditions that allow clusters to form
cool-cores. AGN feedback, once it starts, is potentially cyclic or could be peren-
nially active (Mittal et al., 2015). The imprints feedback leaves in cluster cores
and BCGs, in the form of excavated cavities in the intracluster medium (ICM),
large reservoirs of molecular gas, and nebulous starbursts tens of kpc across,
provide a wide array of avenues for constraining cluster-scale feedback and its
role in BCG evolution.
1
CHAPTER 1. INTRODUCTION
Understanding the nature of feedback in cluster cores is necessary for un-
derstanding the physics of galaxy clusters. The energy output by AGN observed
in BCGs of cool-core clusters is sufficient to offset the ∼ 100−1000 M yr−1 cool-
ing flows predicted to occur in the ICM of cool-core clusters (Fabian, 2012). The
fact that these cooling flows, and correspondingly large BCG starbursts, are
not observed is often called the “cooling flow problem” (Peterson et al., 2003).
By offsetting cooling, feedback processes in BCGs can provide the solution to
this problem by restoring a global equilibrium between heating and cooling in
the ICM.
I will present insights gained into cluster-scale feedback by studying the
star formation activity of BCGs in cool-core clusters. Star formation is an
unusual property in BCGs, which are predominantly elliptical galaxies with
early-type stellar populations (Zwicky, 1938; Morgan & Lesh, 1965; Von Der
Linden et al., 2007a; Blanton & Moustakas, 2009). By examining relationships
between BCG star formation and the detailed properties of the ICM measured
using X-ray data, in this thesis I will provide observational constraints for the
evolution of both feedback and BCGs.
2
CHAPTER 1. INTRODUCTION
1.1 Galaxy Cluster Environment
Galaxy clusters are the extremely high-mass end of the dark matter halo
mass distribution, and are among the most massive gravitationally bound ob-
jects that have been observed (Abell, 1958; Peebles, 1980; Bahcall, 1999). Clus-
ters are composed of a dark matter halo which contains a hot tenuous plasma
atmopshere called the intracluster medium (ICM), and galaxies. The mass
budget of the most massive clusters is dominated by the dark matter– a typ-
ical massive galaxy cluster may be ∼83-89% dark matter, ∼10-15% ICM, and
∼1-2% member galaxies by mass (Lin et al., 2003; Sanderson et al., 2003;
Vikhlinin et al., 2006). The proportion of mass in the ICM decreases and in
stellar mass in galaxies increases as the mass of the cluster halo decreases,
and in the galaxy group regime, mass is split approximately evenly between
stellar mass and the intra-group medium (Gonzalez et al., 2013).
The masses of galaxy clusters are typically measured within radii contain-
ing matter with a mean density exceeding some factor of the critical density,
δcrit, of the cosmos at the redshift of the cluster. R200, the radius within which
the mean density of the cluster is 200 times δcrit, is close to the virial radius of
a dynamically relaxed cluster1 , so the corresponding mass M200 is used to es-
1A galaxy cluster is dynamically relaxed when enough time has passed for the motions of
material that have become bound to the system to randomize through gravitational interac-
tions and, in the case of the ICM, thermal interactions (Spitzer, 1962; Binney & Tremaine,
2008). Observationally, the relaxation state of a cluster is estimated by examining morphologi-




timate the total mass of the cluster. M500 is also often quoted as the total mass
of the cluster, especially in papers involving X-ray observations of the ICM,
since the ICM is oftentimes too faint to observe at R200. Clusters can have a
mass M200 & 1015M; the largest know galaxy cluster, ACT-CL J0102-4915 (“El
Gordo”), has a mass M200 = (3.13± 0.56)× 1015M (Jee et al., 2014).
The dark matter halos of galaxy clusters tend to obey a Navarro-Frenck-









where rs is the NFW profile scale radius and ρ0 is the central density. The
centers of galaxy clusters can deviate from this form. In particular, the matter
density profile in the central 10-20 kpc of the cluster can be influenced by the
mass contribution of the BCG, which can be relatively well approximated by
either a singular isothermal sphere (Burke et al., 2015) or a Hernquist (1990)
profile.
The overall morphology of a galaxy cluster may be directly observed via X-
ray emission from the ICM, and may be traced by the distribution of cluster
galaxies. Morphologies range from highly circular to “trainwrecks” (see Figure
1.1). More complex ICM morphologies are indicative of recent cluster mergers,
and are often accompanied by observable shocks in the ICM and radio relics
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Figure 1.1 Left: The 0.3-8.0 keV Chandra X-ray image of Abell 2029 (Figure
1 in Lewis et al. (2002)). Abell 2029 is a dynamically relaxed cluster featuing
a morphologically elliptical ICM. Right: The 0.5-2.0 keV Chandra X-rag image
of Abell 520 is shown (Figure 1 in Markevitch et al. (2005)). Abell 520 is an
example of a merger between two clusters.
and halos as dormant electron populations in the merging cluster halos are re-
energized by shocks (van Weeren et al., 2017). On the other hand, in clusters
that have not recently experienced mergers, the dynamic motions of the ICM
will equilibrate to form a regular elliptical distribution (Jones & Forman, 1992;
Buote & Tsai, 1996; Nurgaliev et al., 2013). BCGs in relaxed clusters usually
are found at or near the bottom of the gravitational potential well of the cluster,
and reside in close proximity to the ICM X-ray brightness peak, although some
can be offset by as much a 1 Mpc (Bildfell et al., 2008; Lauer et al., 2014).
It is in the dynamically relaxed clusters that large BCG starbursts can oc-
cur and cool-cores can form. In these clusters, cooling due to X-ray radiation
5
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from the ICM produces cool cores in the centers of clusters that are several
keV cooler and several orders of magnitude denser than the surrounding ICM.
These cool cores have also been predicted to form cooling flows, giving rise to
the cooling flow problem and creating the environment for observed BCG feed-
back phenomena.
1.2 ICM Radiation
The ICM in a galaxy cluster radiates primarily through a process of thermal
Bremsstrahlung emission. The ICM is a tenuous plasma with a typical particle
density in the range of 10−4 − 10−2 cm−3; when free electrons in this plasma
interact with ions they accelerate, emitting an X-ray to make up the energy
difference (Fabian, 1994). For massive galaxy clusters, which have ∼ 1014 M
of ICM plasma with a temperature of ∼ 5 keV, this process produces X-ray
luminosities on the order of 1044 − 1045 ergs s−1.
Following the discussion in Rybicki & Lightman (1986), the Bremsstrahlung
power emitted per unit frequency by an electron passing an approximately sta-
tionary ion is proportional to the change in the electron’s velocity produced
by this interaction. This is true for frequencies ν where 1/ν is small relative to
the time the electron spends interacting with the ion; when ν is large the power
emitted is ∼ 0. We can approximate the change in velocity, ∆v, as the change
6
CHAPTER 1. INTRODUCTION
in velocity normal to the trajectory of the electron, as long as ‖∆v‖  ‖v‖. For
an impact parameter b, and an ion of charge Ze, where e is the charge of an



















where the time, t, is defined such that t = 0 when r = b and where me is
the mass of the electron. Integrating the acceleration over time results in the





Therefore, the emission from an individual electron colliding with an individual
ion at speed v is proportional to v−1.
For a thermal plasma, the velocity of electrons follows a Maxwellian distri-
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where kB is the Boltzmann coefficient and T is the temperature of the plasma
(Rybicki & Lightman, 1986). The volume emissivity is the power per elec-
tron/ion interaction multiplied by the density of electrons, ne, and density of
ions, ni. Therefore,
εν ∝ neniT−1/2e−hν/kBT , (1.5)
and the frequency-integrated emission is
ε ∝ neniT 1/2. (1.6)
The ICM emits via other processes, including electron capture and two pho-
ton collisional excitation. Line emission produced by excitation and recombi-
nation also produce features in the ICM spectrum (Peterson & Fabian, 2006).
These features are important for measuring the properties of the ICM; in par-
ticular the Fe K-complex is used to constrain metallicity, while several other
lines (notably the Fe L-complex and OVIII) are used to measure the rate of
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low-temperature plasma cooling (Peterson et al., 2001; Peterson & Fabian,
2006). Since all of these processes involve interactions between ion/electron
pairs, they are ∝ neni.
Since the ICM is constantly radiating away energy in collisional and re-
combination processes where electrons are losing momentum, it will gradually
cool in the absence of energy injected into the plasma. From the features of
ICM radiation described above, it is possible to define both a cooling function,
Λ (T, Z), and a cooling time, tcool. Λ (T, Z) is the bolometric power per pair-
wise interaction per unit volume, taking into account all of the continuum and
line emission processes that occur in the plasma (Kaastra et al., 2008). Since
ICM emission in a massive cluster is mostly due to Bremsstrahlung,
Λ (T, Z) ∼ T 1/2. (1.7)
Precise values of Λ (T, Z) that take into account the metallicity of the plasma
are computed numerically in tables such as those found in Sutherland & Dopita
(1993).
The cooling time of the ICM, tcool, is defined as the thermal energy of the
ICM divided by the radiatively emitted power. tcool is an estimate of the total
time it will take for the ICM to cool, assuming no heat source exists and that












where nH is the hydrogen density (Peterson & Fabian, 2006). n ∼ ne for a
mostly hydrogen plasma, and as discussed above, Λ ∼ T 1/2, so the approximate





The ICM cools more quickly as it gets denser and colder. Cooling is also mildly
enhanced by increased metallicity, so the cooling time is driven down as the
metallicity of the ICM increases (Sutherland & Dopita, 1993).
1.3 Cool Core Clusters
The tendency of the denser, colder ICM to cool more rapidly leads to for-
mation of cool cores in dynamically relaxed clusters. The first evidence for the
existence of cool core clusters was observed in the 1970s with the Copernicus
X-ray Observatory (Fabian et al., 1974; Fabian, 1994). Observers identified
clusters with core densities sufficient for the ICM to radiatively cool to below
the range of temperatures where it emits in the X-rays (& 107 K) in less than a
Hubble time. Later, observations with Chandra and XMM-Newton confirmed
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the existence of high-density, low-temperature cores with low cooling times (Pe-
terson & Fabian, 2006).
The discovery of clusters with highly dense ICM cores with cooling times
less than a Hubble time led to the prediction of cooling flows in these clusters.
These cooling flows were predicted to deposit ∼ 100 − 1000 M yr−1 of cold gas
in the centers of galaxy clusters, and fuel comparably intense starbursts in
BCGs. However, cooling flows have gone unobserved at the levels implied by
the temperatures and densities observed in ICM cores, and except in a handful
of cases BCG star formation rates (SFRs) fall below the predicted cooling rate
by at least an order of magnitude as well (Peterson & Fabian, 2006).
If the ICM of a dynamically relaxed galaxy cluster starts out in hydrostatic
equilibrium, then locally the thermal pressure supporting a layer of gas bal-
ances the pressure due to gravity. The ICM ‘atmosphere’ in this case will be
stratified, such that it becomes progressively denser and hotter at smaller radii
(Sarazin, 1988). Since the gas in this atmosphere radiatively cools through
Bremmstrahlung, it cools more rapidly the closer one gets to the center of the
cluster. As the material in this idealized ICM cools, it loses pressure support
and flows inwards towards the cluster center, until it eventually condenses out
of the ICM.
In clusters with cool cores, the cooling time profile increases with radius (at
least, outside the central few kpc), and only the central few hundred kpc is pre-
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dicted to cool in less than a Hubble time, tHubble (Cavagnolo et al., 2009). Since
the cores of galaxy clusters with tcool < tHubble are surrounded by envelopes of
gas with tcool > tHubble, the ICM in a cool-core can be replenished as it cools. In
most cool-core clusters, the radius of the core (defined to be the radius within
which the cooling time of the ICM is < tHubble) is about 0.1−0.15R500 (this radius
is ∼ 100− 200 kpc for M500 ∼ 1015 clusters) (e.g. Vikhlinin et al. (2006), see also
Chapters 2 and 3 ). Therefore, most of the ICM in a cool core cluster is not in
the core, and in a hydrostatic environment will take longer than the present
age of the Universe to cool. This allows for cooling flows in galaxy clusters to
be steady state (Sarazin, 1988).
The cooling flow spectrum can be calculated by estimating the contribution
of gas at various temperatures in the flow to the overall spectrum as the gas
cools from ∼ 107 − 108 K to ∼ 104 K. X-ray spectra from the XMM-Newton Re-
flection Grating Spectrograph (RGS) provide direct evidence for limited or non-
existent cooling flows in galaxy clusters (see Figure 1.2). In the early 2000s,
astronomers observed several prominent examples of clusters with large in-
ferred cooling rates with RGS, but found upper limits on the isobaric cooling
flow that were a small fraction of the inferred rate (Peterson et al., 2001). The
observations revealed that ICM in cool cores appears to behave like a cooling
flow only until the gas reaches ∼ 2− 3 keV (∼ 2.3− 3.5× 107 K) (Molendi et al.,




Nonetheless, there is still substantial evidence that cold gas is produced out
of the ICM in cool core clusters. In addition to starbursts, active BCGs have
been observed with molecular gas reservoirs of up to several 1010 M (O’Dea
et al., 2008; McNamara et al., 2014). Cooling line emission in the UV is also
observed in some cool core clusters, with notable examples including Abell 1795
and the Phoenix cluster (O’Dea et al., 2004; McDonald & Veilleux, 2009; Mc-
Donald et al., 2015). Therefore, while cooling flows appear to be ruled out in
cool-core clusters, the ICM does appear to cool into multiphase gas which can
fuel feedback and star formation in BCGs. This implies a feedback mechanism
which quenches most cooling, most of the time, and understanding how and
over what timescales feedback operates in cool-core cluster is a topic of current
investigation.
1.4 Cluster-Scale Feedback
The cooling flow problem has given rise to a search for mechanisms that
can suppress cooling flows. Feedback from AGN is currently the most plausible
possibility; AGN mechanical mode feedback can inject enough energy into the
ICM to offset cooling, and evidence for this form of feedback is observed in most
cool-core clusters. Mechanical mode feedback is detected emanating from the
13
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Figure 1.2 The RGS spectra of the central 5x20 arcminutes of five massive
galaxy clusters, adapted from Figure 10 in Peterson & Fabian (2006). RGS
data is shown in blue. The clusters shown, Abell 1835, Abell 665, Abell 1795,
Hydra A, and Sérsic 159-03 are predicted to harbor cooling flows. Green lines
are the best-fit isobaric cooling flow models, while red lines are the best-fit mod-
els allowing the cooling flow to cut off below a best-fit minimum temperature.
Green model spectra predict what would be observed from a cooling flow where
the ICM cools out of the plasma phase, while for red model spectra the flow is
arrested at ∼ 2− 3 keV.
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BCGs of cool-core clusters as radio plumes that can rise some 10s of kpc from
the position of the BCG optical brightness peak. These jets excavate cavities
in the ICM, such as the pair of cavities depicted in Figure 16 in Chapter 2
(Hlavacek-Larrondo et al., 2013b).
AGN feedback fueled by accreting material that cooled out of the ICM will
tend to balance ICM cooling– too little reheating of the ICM will result in the
central engine of the AGN being provided more ‘fuel’ to power feedback, while
too much reheating of the ICM will deprive the engine of fuel. By calculating
the infall velocity of molecular clouds using CO J(2-1) emission observed with
ALMA, Tremblay et al. (2016) recently provided a direct observation of cold
material infalling towards the AGN in the Abell 2597 BCG.
The mechanism governing the interaction between AGN feedback and the
ICM may involve a combination of several processes. Feedback is observed oc-
curring in cluster cores which feature low cooling time ICM, BCG starbursts,
and multiphase material (Voit et al., 2015). Alternating cycles of cooling flows
and feedback-induced quenching could explain these results if cooled material
inefficiently forms stars while slowly precipitating onto the BCG AGN over Gyr
timescales (Molendi et al., 2016). However, this scenario implies there should
exist examples of cooling flows in systems which have yet to see AGN activ-
ity. More commonly considered explanations involve AGN jets interacting with
the ICM to trigger rapid condensation of thermally unstable material while
15
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heating the ambient gas. These models can explain much of the observed phe-
nomena in cool cores, and have seen considerable development in recent years
(Voit et al., 2017).
Feedback driven condensation and precipitation of the ICM provides an
overall balance between cooling and heating in cool-core clusters, while locally
thermally unstable volumes of gas cool to create the multiphase material that
fuels BCG starbursts and further AGN output. The work done on ICM plasma
by AGN jets can render volumes of gas thermodynamically unstable. These
volumes will cool more quickly than they can descend the cluster gravitational
potential well to an altitude where they are in local hydrostatic equilibrium,
and so they rapidly condense into cold, multiphase gas with both atomic and
molecular components (Meece et al., 2016). In simulated studies, the onset of
local thermodynamical instability occurs when the cooling time to freefall time
ratio (tcool/tff ) 2 is about 10 (Voit et al., 2017). ICM plasma with tcool/tff . 10
can cool rapidly enough to condense before descending down the the gravita-
tional potential to an altitude where the entropy contrast with the ambient
medium is too small for the gas to condense.
Furthermore, simulations of cool core clusters with AGN mechanical-mode





GM(r) , where G is the gravitational constant and M (r) is the mass enclosed in




line-emission nebulae observed in starbursting BCGs (Donahue et al., 2015;
Tremblay et al., 2015; Li et al., 2015; Gaspari et al., 2017). The correspondence
between simulated and real-world morphologies is illustrated in Figure 1.3.
A similar, but contrasting view of condensation and precipitation holds that
the threshold for instability in ICM plasma with a low cooling time is not set
by the freefall time but by the drag forces acting on the gas (McNamara et al.,
2016). Condensation is dominated by uplift, wherein rising jet-inflated cavities
displace ICM in their wake. When the infall timescale set the gravitational
potential and drag on the displaced ICM from the surrounding gas prevent the
gas from returning to hydrostatic equilibrium in less than a cooling time, it
will condense.
This uplift-dominated condensation model may explain why the tcool/tff =
10 threshold does not neatly separate cluster cores with multiphase gas from
cluster cores without (Hogan et al., 2017). Specifically, Hogan et al. (2017) ar-
gues that tcool/tff does not provide more predictive power than tcool alone for
separating cluster cores with multiphase gas from cluster cores without. Fur-
thermore, recent ALMA observations provide dramatic illustrations of molecu-
lar gas entraining jet-excavated cavities (McNamara et al., 2014; Russell et al.,
2014). While uplifted gas condensing is a feature of condensation models gen-




Figure 1.3 Top: UV photometry of the BCGs in CLASH clusters MACSJ1931.8-
2653 and RXJ1532.9+3021. The blue bar in each images depicts a 1” scale.
The reported SFRs are estimated from UV continuum fluxes without correcting
for dust. Bottom: Snapshots of the cold gas distribution from the simulated
cool core cluster in Li & Bryan (2014) that have morphologies similar to the
extended UV emission in the BCGs above. The timestamp in the upper left of
each snapshot corresponds to the time since the simulation was “turned on.”
Figure adapted from Donahue et al. (2015).
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1.5 BCG Star Formation
BCGs differ substantially from both field galaxies and other cluster galax-
ies in ways that are heavily influenced by the cluster environment. BCGs ex-
hibit merger-driven mass growth at far greater rates than those found in field
galaxies owing to their positions in galaxy-rich cluster environments (Von Der
Linden et al., 2007a). As a result, these galaxies can be many times more
massive than other galaxies in the cluster environment, and extensive merger
histories can result in BCGs having flatter central surface brightness profiles
than other cluster ellipticals (Lauer et al., 2007; Bernardi et al., 2007; Lauer
et al., 2014). Nonetheless, this merger history produces very little star for-
mation, since both the BCG and the satellite galaxies that merge with it are
ram-pressure stripped by moving through the ICM (Ruszkowski & Springel,
2009). The star formation that does occur in BCGs is typically either a product
of initial proto-BCG and proto-cluster formation or mergers at high-redshift,
or due to ICM cooling and feedback in low- to intermediate- redshift clusters
(Webb et al., 2015b; McDonald et al., 2016).
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1.5.1 BCG Star Formation History and Evolu-
tion
Recently, observations of proto-clusters have revealed clues about the initial
stages of BCG formation. Images obtained with the Hubble Space Telescope
(HST) show galaxies in the centers of forming clusters which are the site of
sprawling bursts of star formation ignited when infalling progenitor galaxies
merge or initial cooling flows spark massive starbursts (Webb et al., 2015a).
This initial mass growth is believed to peak before a redshift of z = 1, after
which in situ star formation quickly becomes a negligible component driving
BCG mass growth (Webb et al., 2015b).
While initial predictions indicated that BCGs formed most of their stellar
mass during this initial period of robust star formation, recent semi-analytical
models predict that BCGs double or triple in stellar mass between z = 1.0 and
the present day (De Lucia & Blaizot, 2007). This mass growth is believed to
be merger driven (Ruszkowski & Springel, 2009; Liu et al., 2009). Satellite
galaxies falling into the potential well of the dark matter halo are essentially
swallowed up by the BCG. In simulations, by late times this often takes the
form of gas-poor satellites accreting onto a main progenitor without fueling
star formation, although above z ∼ 0.6, galaxy mergers in young clusters may
drive elevated rates of star formation (McDonald et al., 2016).
20
CHAPTER 1. INTRODUCTION
1.5.2 Star Formation at Low to Moderate Red-
shifts
BCG star formation is unusual in the sense that the old stellar populations
and overall elliptical morphologies of BCGs suggests that star formation is not
fueled by a molecular gas-rich ISM. Indeed, the majority (between ∼ 70 − 80%
depending on sample selection) of BCGs are quiescent red galaxies (Crawford
et al., 1999; Edwards et al., 2007). Nonetheless, starbursts in low- to moderate-
redshift BCGs span several orders of magnitude. The SFR in the most extreme
recorded BCG starburst, found in the Phoenix Cluster, is ∼ 500− 2000 M yr−1
(Mittal et al., 2017).
Spatially resolved observations of ‘active’ BCGs at z . 0.6 demonstrate that
the majority of optical line and UV emission in these galaxies is situated in
extended knot-and-filament structures (for example, Figure 1.4). Star forming
nebulae in BCGs can extend tens of kpc from the BCG center. Therefore, while
some of the emission is due to AGN activity, the majority is most likely due to
recent star formation (Conselice et al., 2001; O’Dea et al., 2004; McDonald &
Veilleux, 2009; McDonald et al., 2014a; Tremblay et al., 2012, 2015). A handful
of BCGs harbor type II quasars, with sizable optical fluxes, while most active
BCGs do not have bright AGN (Kirk et al., 2015).
Multiple lines of evidence suggest that BCG star formation is fueled by ra-
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Figure 1.4 A combined color image of the Phoenix Cluster BCG, observed with
HST. Taken from Figure 2 in McDonald et al. (2013). Blue knots and filaments
are regions of enhanced star formation, and extend tens of kpc from the center
of the BCG. The inset in the lower right details the complex structure of the
starburst in the center of the BCG, along with the position of an X-ray point
source (green cross).
diatively cooled ICM gas. BCGs found at the bottom of the gravitational po-
tential well of clusters with cool ICM cores exhibit star formation with an inci-
dence of & 70% or more (Donahue et al., 2010). Furthermore, the entropy of the
ICM in a clusters core is a reliable indicator of whether the BCG will exhibit
star formation or not; clusters with core entropies ≤ 30 keV cm2 host active




1.6 Measuring Stellar Populations with
SED Fitting
I examine star formation in BCGs using multi-wavelength near-UV through
far-IR photometric datasets, along with optical spectra. The main thrust of this
thesis, in particular Chapter 3, uses multi-observatory data from the Cluster
Lensing and Supernova survey with Hubble (CLASH) (Postman et al., 2012)
to constrain stellar population parameters in star-forming BCGs. CLASH is a
survey of 25 massive galaxy clusters taken with HST, of which 20 were selected
on the basis of X-ray mass and morphology. The central regions of these clus-
ters were observed with 16 bands of photometry covering ∼2000-17000 Å for
15-20 orbits per band (see Figure 1.5) (Postman et al., 2012). These data can be
supplemented with archival observations from Spitzer and Herschel to create
spectral energy distributions (SEDs) spanning the near-UV to the far-IR.
Much of the analysis performed in this thesis relies on using the deep and
highly detailed datasets available for CLASH to construct SEDs of star forming
regions in BCGs and fit these SEDs to model spectra. In order to perform SED
fitting, I used the tool iSEDFIT throughout, and made several modifications
to iSEDFIT in order to maximize its utility for fitting the NUV-FIR SEDs of
BCGs. iSEDFIT is a Bayesian Monte Carlo fitting routine designed to fit large
numbers of SEDs to a given set of models in order to both constrain stellar
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Figure 1.5 The throughput curves of the HST filterset used by CLASH. Taken
from Figure 10 in Postman et al. (2012).
population parameters and photometric redshifts (Moustakas et al., 2013).
Monte Carlo SED fitting finds best-fit values and credible intervals for the
parameters of a model believed to describe an SED by sampling the posterior
probability distribution of those parameters. First, a grid of parameter values
is created by drawing parameter values from their prior probability distribu-
tions, pprior. Model photometry is calculated for each point on the grid based on
these values, and the likelihood of each model is calculated by






where Fi and σi are the SED fluxes and uncertainties, Mi are the model fluxes.
A is a scaling factor that scales the model photometry, which is normalized to 1
M of stars + gas, to the observed SED photometry. The minimum χ2 and best-
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fit A are found by solving for ∂χ2/∂A = 0. Sampling the model grid at random
with probabilities set by L produces a histogram with functional form pprior×L,
which is the posterior probability distribution of the models (Moustakas et al.,
2013).
SED models of stellar and dust emission consist of an initial mass function
(IMF), a stellar population synthesis-derived simple stellar population (SSP)
model, a star formation history (SFH), a dust attenuation model, and a dust
emission model. These components are outlined briefly here, since they are
discussed in more detail in Chapter 2, Section 3 and Chapter 3, Section 3. The
IMF describes the mass distribution of recently formed stars. Salpeter (1955),
Chabrier (2003), and Kroupa (2001), provide functional forms of the IMF which
differ on the low mass end of the stellar mass distribution, thus the underlying
IMF of stars in moderate redshift BCGs is difficult to distinguish with photo-
metric data. Given an IMF and metallicity, stellar evolution tracks provided by
a stellar population synthesis model determines how an SSP evolves by time t,
and this evolved stellar population can be used to determine the stellar spec-
trum at time t. The SPS model used throughout this thesis is the Bruzual &
Charlot (2003) model. The SSP stellar spectrum serves as a convolution ker-
nel, which, when convolved with the SFH, produces the emission spectrum of
the model stellar population (Moustakas et al., 2013).
The final steps of generating a model SED are to account for dust absorption
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and emission in the model spectrum, and to convolve the model spectrum with
the filter response functions of the SED to generate synthetic photometry. The
stellar spectrum is multiplied by dust attenuation factor 10−0.4A(λ), where A (λ)
is the wavelength-dependent attenuation curve obtained either empirically or
by radiative transfer modeling. A model dust emission spectrum is added to the
absorbed stellar emission spectrum. The model dust emission is normalized
to have the same total energy as the energy absorbed by the dust. The dust
emission model used in Chapters 3 and 4 is the Draine & Li (2007) model,
while in Chapter 2 dust emission is not included in the fits. Finally, the model
spectrum is convolved with the filter response functions of the data.
SED fitting can provide several advantages when it comes to constraining
the stellar populations of highly extended BCGs observed by programs such
as CLASH. SED fitting can take advantage of the many bands of photometry
these surveys provide to simultaneously fit data covering a wavelength range
of several orders of magnitude. While in Chapter 2, SFRs of CLASH BCGs
are measured several ways, using separate photometric and spectral indica-
tors (broadband UV, Hα, Hβ, O II), in Chapters 3 and 4 SED fitting mea-
sures several stellar parameters using all of the available photometric data
in CLASH. Furthermore, measuring the SED of an extended galaxy can do a
better job than its spectrum at capturing the flux from the entire galaxy. While
estimates of total galaxy magnitude obtained with Kron or Petrosian magni-
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tude (or other model magnitudes) may still underestimate galaxy magnitudes,
longslit or fiber-fed spectra (such as SDSS) will only capture the core regions
of galaxies. Furthermore, with datasets such as CLASH, where starforming
regions are highly resolved, SEDs of specific features may be constructed by
extracting photometry from apertures drawn around those features.
Finally, SEDs can be used to spatially resolve stellar parameters. While
IFU spectrometers are currently online that can spatially resolve spectra, SED
mapping has the potential to provide greater levels of spatial detail. This can
be useful when, for example, one wants to examine the stellar populations in
individual star forming knots or filaments. In Chapter 2, Section 4, the results
of fitting the spatially resolved SED of RXJ1532.9+3021 are presented. The
CLASH HST data used allows the SFR and age of individual features in the
starburst to be resolved down to ∼ 350 pc scales.
1.7 Outline of the Dissertation
This dissertation is divided into three chapters and includes one appendix.
Chapters 2 and 3 examine the star forming properties of BCGs in clusters ob-
served in the CLASH program and compares these properties to the thermo-
dynamical state of the ICM in the clusters’ cores. Chapter 4 expands on the
SED fitting technique developed in Chapter 3 to examine the evolution of star
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formation in a larger sample of clusters observed as part of the Cosmic Evo-
lution Survey (COSMOS) (Scoville et al., 2007). The appendix discusses an
high-contrast imaging instrumentation project I have had the opportunity to
develop that improves on the vector vortex coronagraph. I do not include this
work with the main body of the thesis since it is not directly relevant to study-
ing BCG star formation; however, I intend to develop this instrument further
and use the coronagraphs to construct the optical and near-IR picture of pre-
cipitation and accretion fueling AGN feedback.
• Chapter 2: Star Formation Activity in CLASH Brightest Cluster
Galaxies (published in the Astrophysical Journal). The star formation
and dust attenuation properties of the CLASH cluster BCGs are mea-
sured using photometric and spectroscopic indicators. I constrain the
contribution star formation makes to line emission in these BCGs. I then
demonstrate that BCG star formation is related to the thermodynami-
cally inferred cooling rate, and use spatially resolved SED mapping to
show that the ages of filamentary structures in the BCG of RXJ1532.9+3021
are correlated with X-ray cavities in the cluster.
• Chapter 3: The Relationship Between Brightest Cluster Galaxy
Star Formation and the Intracluster Medium in CLASH (accepted
for publication in the Astrophysical Journal). I construct UV through far-
IR SEDs and use these to measure SFRs, dust masses, and starburst ages
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in 11 CLASH BCGs showing signs of star formation activity. I present
relationships between these quantities and cooling times and cooling-to-
freefall time ratios in the ICM. I present a tight correlation between SFR
and tcool/tff and discuss the implications of this result.
• Chapter 4: 3.4 M/L Ratio and Stellar Mass Evolution of BCGs in
COSMOS from z < 1.0 (in preparation for Submission to the Astrophys-
ical Journal). We fit SEDs of the 40 most massive BCGs in X-ray selected
clusters observed by COSMOS. We find evidence for minimal evolution of
specific SFRs and SFRs, and find that overall COSMOS BCGs are more
quiescent than would be predicted from the star forming main sequence,
and discuss possible environmental effects. The work presented in this
chapter is nearing completion, but is still an ongoing effort, and will be
published in a different form than is presented here.
• Appendix: Polynomial Apodizers for Centrally Obscured Vortex
Coronagraphs (accepted for publication in the Astronomical Journal). I
present the polynomial apodized vortex coronagraph (PAVC) and discuss
its possible use for observing terrestrial exoplanets. The PAVC theoret-
ically completely suppresses on-axis starlight with telescopes that have
large secondar mirror central obscurations while providing ∼ 70% total
energy throughput and small inner working angles relative to similar de-
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signs for centrally obscured telescopes. The PAVC solves the problem of
designing a coronagraph that can be used on telescopes with large sec-
ondary mirrors, and has potential applications to future extremely large
ground- and space-based observatories.
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The CLASH X-ray selected sample of 20 galaxy clusters contains ten
brightest cluster galaxies (BCGs) that exhibit significant (>5 σ) extinction-
corrected star formation rates (SFRs). The star formation activity is in-
ferred from photometric estimates of UV and Hα+[N II] emission in knots
and filaments detected in CLASH HST ACS and WFC3 observations.
These measurements are supplemented with [O II], [O III], and Hβ fluxes
measured from spectra obtained with the 4.1 meter SOAR telescope. We
find that the reddening-corrected UV-derived SFRs in these BCGs are
broadly consistent with Hα-derived SFRs and span two orders of mag-
nitude, including five BCGs exhibiting SFRs >10 M yr−1 and an addi-
tional two with a SFR > 100 M yr−1. We confirm that photoionization
from ongoing star formation powers the line emission nebulae in these
BCGs, although in many BCGs there is also evidence of a LINER-like
contribution to the line emission.
Coupling these data with Chandra X-ray measurements, we infer that
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the star formation occurs exclusively in low-entropy cluster cores and ex-
hibits a correlation with properties related to the cooling. We also per-
form an in-depth study of the starburst history of the BCG in the cluster
RXJ1532.9+3021, and compare starburst ages to the ages of X-ray cavities
produced by AGN activity. We create 2D maps of the BCG stellar proper-
ties on scales down to∼350 pc. These maps reveal evidence for an ongoing
burst occurring in elongated filaments, generally on relatively long (∼ 0.5-
1.0 Gyr) timescales, although some filaments are consistent with much
younger (. 100 Myr) burst timescales. The longer timescales for star for-
mation far exceed the expected timescale for any AGN-induced activity,
while the younger filaments may be correlated with recent activity from
the AGN. The relationship between BCG SFRs and the surrounding ICM
gas properties provide new support for the process of feedback-regulated
cooling in galaxy clusters and is consistent with recent theoretical predic-
tions.
2.1 Introduction
Brightest cluster galaxies (BCGs) in cool core galaxy clusters exhibit nebu-
lar emission features that are thought to be related to the intracluster medium
(ICM) in the centers of these objects (e.g. Heckman et al., 1989; Fabian, 1994;
Crawford et al., 1999). Observations of substantial continuum UV and FIR
fluxes have been recorded in many of these nominally early-type galaxies as
well (Hicks et al., 2010; Rawle et al., 2012). Resolved images of low-redshift
(z.0.1) BCGs suggest that while some of this activity is triggered by active
galactic nuclei (AGN), most of the emission appears to be powered by recent
star formation, located in knots and filaments (Conselice et al., 2001; O’Dea
et al., 2004; McDonald & Veilleux, 2009; McDonald et al., 2014a; Tremblay
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et al., 2012). Similar structures have also been observed in the Phoenix cluster
(z = 0.596), which hosts a massive starbursting BCG producing new stars at a
rate of nearly 1000 M yr−1 (McDonald et al., 2012, 2013).
The most plausible candidate for the source of the gas being converted into
stars in these galaxies is radiatively cooled ICM plasma (Fabian, 1994). In a
cool core cluster, the cooling time below a critical radius is less than the Hubble
time at the redshift of the cluster, and plasma initially at this radius ought
to have cooled. The ICM that manages to cool descends into the gravitational
well in order to maintain pressure equilibrium, ultimately condensing into star
forming gas inside the virial radius of the BCG (Fabian, 1994). However, the
cooling inferred from a simple cooling flow model is far more rapid than the
star formation rates in these systems (e.g. Heckman et al., 1989; McNamara &
O’Connell, 1989).
Activity in BCGs in the form of AGN outbursts is an important component of
feedback mechanisms proposed to reconcile the tension between the predicted
and observed ICM cooling in cool core clusters (McNamara & Nulsen, 2007;
Voit et al., 2015). Specifically, the hot, X-ray emitting ICM of a relaxed galaxy
cluster is predicted to radiatively cool more rapidly than is typically observed,
and this manifests in star formation rates (SFRs) in BCGs which are roughly
an order of magnitude lower than what would be predicted if all the available
gas did indeed condense into cold gas (O’Dea et al., 2008). However, in the
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presence of a feedback mechanism, such as energy injection from an AGN, the
ICM is partially reheated and prevented from cooling catastrophically. Instead,
residual cooling or cooling during an off-mode in the feedback duty cycle can
account for the extended star forming structures observed. Studying the resid-
ual cooling using observations of BCGs spanning a wide range of activity will
allow us to learn about different phases of cooling and feedback, and help us
to determine whether a single feedback mechanism accounts for the variety of
BCG features we observe.
The high-resolution, multi-band HST observations available from the Clus-
ter Lensing And Supernova survey with Hubble (Postman et al. (2012); here-
after referred to as CLASH) are ideal for examining the star forming struc-
tures in BCGs. In Donahue et al. (2015), we examined UV photometry for the
entire CLASH sample of 25 galaxy clusters, and found evidence for significant,
extended emission attributable to recent star formation in 10 of them. Two
BCGs in this sample, RXJ1532.9+3021 and MACS1931.8-2653, stand out due
to their strikingly large and luminous UV filaments.
In the present study, we examine BCGs in the subset of CLASH clusters
that were X-ray selected. This subsample includes 20 of the 25 CLASH clusters
and includes all of the star-forming BCGs as identified by UV features. Using
the CLASH HST photometry, along with spectra from the Southern Astrophys-
ical Research (SOAR) telescope and archival Chandra data, we investigate the
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nature of star formation in these BCGs, and provide new constraints on the
source of the star formation activity in the structures we observe.
This paper consists of two parts. First we derive SFRs for all BCGs using
HST photometry and characterize the source of nebular line-emission in UV-
bright BCGs using a combination of the HST photometry and SOAR-Goodman
spectra. Second, we analyse the connection between the star formation and
the properties of the ICM. This second part includes a detailed star formation
history (SFH) analysis of the BCG in RXJ1532.9+3021 derived from SED fit-
ting of the CLASH photometry to create maps of stellar population parameters.
RXJ1532.9+3021 was chosen for more detailed study because of the spectacular
nature of its UV and Hα structure (see Figure 2.1).
We report on the incidence and distribution of reddening-corrected SFRs
in our sample, and demonstrate that structures qualitatively comparable with
those in the massive outburst in the Phoenix cluster are the sites of BCG activ-
ity in these ‘intermediate’ starbursts as well. Structures observed in CLASH
clusters also bear similarities to BCGs analysed in Tremblay et al. (2015).
These SFRs are compared with Chandra derived ICM core entropies and pre-
dicted cooling rates in the low-entropy core ICM in order to test the hypothesis
that star formation is being fed by ICM cooling.
For RXJ1532.9+3021 we are able to compare the properties of BCG fila-
ments with the properties of X-ray cavities in the ICM, which we use to assess
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recent AGN jet-mode activity. We compare our results to previous analysis
of the morphology of the cluster ICM (Hlavacek-Larrondo et al., 2013b). The
maps produced for this BCG allow us to examine the star formation history
in individual knots and filaments, down to ∼ 350 pc scales. These data allow
us to investigate the source of the gas that condenses into the star forming
regions and, for the case of RXJ1532.9+3021, to examine this condensation in
significant detail.
Our paper is organized as follows. We describe the observational data in
Section 2. In Section 3, we present the analysis of these data. Results are pre-
sented in Section 4, and the astrophysical implications are discussed in Section
5. We summarize our main conclusions in Section 6. We adopt the follow-
ing cosmological parameters throughout this work: Ho = 70.0 km s−1 Mpc−1,
Ωm = 0.30, and ΩΛ = 0.70. We assume a Salpeter (1955) IMF throughout.
2.2 Observations
2.2.1 CLASH HST Observations
The CLASH program is detailed in Postman et al. (2012). The 20 X-ray
selected clusters were each observed for 15-20 orbits (for a total of at least 20
orbits including archival data) divided among 16 bands of photometry spanning
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Figure 2.1 Color composite images of the most active star-forming BCGs
of RXJ1532.9+3021 (z=0.363) on the left and MACS1931.8-2653 (z=0.352)
on the right. The RGB color composites are made using WFC3-IR filters
F105W+F110W+F125W+F140W+F160W in red, the ACS filters F606W +
F625W + F775W + F814W + F850LP in green, and the ACS filters F435W
+ F475W in blue.
an observer-frame wavelength range of ∼2000-17000 Å. We use multi-band
mosaics drizzled to a common 0′′065 pixel scale (Koekemoer et al., 2011). All
flux measurements are corrected for foreground reddening using the (Schlegel
et al., 1998) dust maps. A single reddening correction due to dust in the Milky
Way was calculated for each BCG in each filter. Additionally, we perform a
background subtraction using a combination of iterative 3-sigma clipping on
large scales along with a local median flux measurement in an annulus around
each BCG in the UV.
Early CLASH WFC3/UVIS observations are affected by non-uniform flat-
fielding on scales of hundreds to thousands of pixels. We accounted for this in
observations of BCGs with faint or possibly no significant detection of UV by
extracting photometry from multiple identical apertures in WFC3/UVIS im-
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ages placed on empty patches of sky, and adding the scatter in these apertures
to our error budget. For all CLASH observations, we apply a 3% floor to the
total photometric uncertainty to account for all sources of systematic error and
absolute flux calibration uncertainty.
2.2.2 Chandra X-ray Observations
All the clusters in the CLASH X-ray sample have archival Chandra data.
For this work, we use the ICM parameters published in the Archive of Chandra
Cluster Entropy Profile Tables (ACCEPT) (Cavagnolo et al., 2009). Gas density
and temperature profiles were measured in ACCEPT, and the core entropies
and cooling times used in the present study are calculated using these profiles.
Gas density profiles were measured in concentric annuli 5” wide. Temperature
profiles, which were used in combination with the gas density profiles to derive
both cooling time and entropy profiles, were measured in concentric annuli
containing at least 2500 counts per bin.
2.2.3 Spectra
Optical spectra of the BCGs were obtained for 15 of the 20 CLASH X-ray
selected clusters. Objects were observed with the Goodman High Through-
put Spectrograph on the SOAR 4.1 meter telescope using either the KOSI 600
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grating or the SYZY 400 grating. The KOSI grating’s dispersion is approxi-
mately 0.65 Å pix−1, while the SYZY grating’s is approximately 1.0 Å pix−1.
Their spectral ranges are roughly 2670 Å and 4000 Å, respectively (see Ta-
ble 1). Central wavelengths were selected to best include the [O II] doublet
([O II] λ, λ3726, 29), the [O III] doublet (O III] λ, λ4959, 5007), and Hβ at their
redshifted positions. Position angles were chosen to sample observed filamen-
tary structures or other objects of interest. For all observations, the 1.68′′ long
slit was used.
Observations were reduced following Werner et al. (2014). Bias correction
and trimming were performed with the IRAF1 task CCDPROC. Quartz lamp
frames, taken before and after observation images, were used to flat-field the
images. Wavelength calibration was performed with FeAr arc lamp exposures,
with distortion along the spatial direction corrected for by tracing the position
of standard stars. Sensitivity functions were produced from same-night obser-
vations of standard stars with the 10.0′′ long slit that, along with an extinction
correction based on IRAF’s extinction file ctioextinct.dat and a correction
for airmass, were used to flux calibrate observations. After background sub-
traction to minimize the contribution of night sky lines, observations were then
median combined using IMCOMBINE.
1IRAF is distributed by the National Optical Astronomy Observatory, which is operated
by the Association of Universities for Research in Astronomy (AURA) under a cooperative
agreement with the National Science Foundation.
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Table 2.1
SOAR Observations of Brightest Cluster Galaxies
Cluster Obs Date Exposure Times Grating Range PAa Airmass Standard Star
(YYYY-MM-DD) (s) (l/mm) Å ( ◦)
Abell 209 2012-09-24 1×1200, 1×1800 400 4514-7555 135 1.2 LTT7379
Abell 383 2012-10-09 2×1200, 1×600 400 4126-7568 0 1.3 LTT1020
MACS0329.7−0211 2012-11-09 3×1200 400 4612-7555 125 1.1 LTT7379
MACS0429.6−0253 2012-11-19 2×1200, 1×900 400 4566-7556 167 1.3 LTT1020
MACS1115.9+0219 2013-05-11 4×900 400 4401-8462 130 1.2 LTT4364
MACS1206−0847 2013-05-11 4×900 400 4398-8457 100 1.1 LTT4364
MACS1311.0−0310 2013-05-11 1×1500, 1×900 400 4412-8470 40 1.5 LTT4364
MACS1423.8+2404 2015-02-26 3×1200 600 5049-7724 0 1.8 LTT4364
MACS1720.3+3536 2015-06-13 3×1200 600 4570-7235 160 2.2 LTT6248
MACS1931.8−2653 2012-04-17 1×1800 600 4271-6938 252 1.0 LTT7379
MS2137−2353 2015-06-13 4×1200 600 4570-7235 145 1.1 LTT6248
RXJ1347.5−1145 2012-07-15 1×1200, 1×900 600 4556-7223 125 1.6 LTT9491
RXJ1532.9+3021 2012-04-17 2×1200 600 4811-7471 187 2.1 LTT3864
RXJ2129.7+0005 2012-07-15 4×1200 600 4560-7228 201 1.2 LTT3864
RXJ2248.7−4431 2013-09-08 4×1200 600 4299-6969 352 1.1 LTT1020
a Position Angle measured east of north.
2.3 Analysis
2.3.1 Mean UV Luminosities
We calculate the UV luminosity of CLASH BCGs in order to estimate SFRs
using the Kennicutt (1998) relation. To do this, we extract the flux from those
CLASH filters whose pivot wavelengths fall in the range 1500 − 2800Å in the
cluster rest frame, corresponding to the wavelength range used by Kennicutt
(1998) to calibrate the LUV -SFR relation. Since the continuum LUV due to
young stars is flat for a Salpeter (1955) IMF and continuous star formation,
we use fluxes extracted from the relevant UV filters to calculate the average
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luminosity 〈Lν,UV 〉. This quantity is one of two SFR proxies we are able to cal-
culate from the HST photometry alone, the other being LHα+[NII], which we
discuss in Section 3.2.
For the majority of the BCGs, we extract fluxes from a subset of the CLASH
WFC3/UVIS filters, F225W, F275W, F336W, and F390W. For the highest red-
shift clusters (z > 0.542), we use ACS filters F435W and sometimes F475W as
well. Filter selections are shown in Table 2.2.
Since we are interested in the UV flux from young stars, we must remove
the contribution from the UV-upturn in the quiescent stellar population in the
BCGs. The UV-upturn has been well-studied and is due to post AGB stars and
extreme blue horizontal branch stars (e.g Brown, 2004; Yi, 2008; Ferguson &
Davidsen, 1993; Yi et al., 1998). This component of the UV flux mimics low-
level star formation and would, if left uncorrected, bias our SFR estimates in
UV-faint BCGs.
A template SED of the UV-upturn population is derived by averaging the
normalized ACS-WFC3IR rest-frame photometry of 5 satellite galaxies in each
of 20 CLASH clusters (for a total of 100 satellite galaxies). We do not include
WFC3/UVIS in the satellite galaxy photometry to avoid complications in esti-
mating the sensitivity to weak UV sources, and instead opt to use the GALEX-
2MASS J colors in Hicks et al. (2010) to extend the range of our data below
2000 Årest. These data are fit to a fifth order spline, and the uncertainty in the
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Figure 2.2 Rest frame SED for quiescent starlight in BCGs. The blue points are
ACS/WFC3IR photometry taken from 100 satellite galaxies, and represent the
averages of 5 galaxies per CLASH cluster in each of 20 clusters. The red points
are derived using the GALEX-2MASS J color calibration from Hicks et al. 2010
for a sample of quiescent BCGs at an average redshift of 0.115. The FUV/NUV
rest wavelengths depicted in this figure are for Abell 209 (z = 0.209), after ac-
counting for the average redshift of the Hicks et al. color calibration. The grey
line represents the spline fit to the data. Fluxes are reported in normalized
units of Fν .
fit is estimated using a Monte Carlo distribution of spline fits.
We estimate the UV contribution from old stars by subtracting out a model
of the underlying early-type galaxy. A 2D non-parametric model of each BCG
was fit to the F160W image, which is dominated by the BCG’s old stellar popu-
lation. The model is scaled according to the template SED shown in Figure 2.2
and subtracted from the UV images. The residual UV flux measured after the
subtraction is our UV-upturn-corrected estimate due to ongoing star formation
activity.
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2.3.2 Hα+[N II] Maps
The CLASH data allow us to estimate Hα emission in the BCGs using a
broadband subtraction technique in cases where the emission is strong relative
to the stellar continuum. For each BCG, a ‘line’ and ‘continuum’ filter is chosen
based on the cluster redshift (see Table 2.2). One or more satellite early-type
galaxies are chosen based on having an IR−optical color similar to the BCG,
and the mean ratio of the satellite galaxy fluxes between the line and contin-
uum filters is used to scale the continuum filter to the line filter. We subtract
the scaled continuum filter image from the line filter image, leaving a residual
flux that is primarily due to Hα+[N II] emission. The Hα nebulae of clusters
with significant UV emission are shown in Figure 2.3.
This method for estimating Hα+[N II] is reliable only for line emission with









where fline and fcont are the fluxes through the line and continuum filters, and
Bline is the photometric bandwidth of the line filter. If we assume a 3% uncer-
tainty for the surface photometry in both the ‘line’ and ‘continuum’ filters, we
can reliably recover features with Hα+[N II] EWs that are 0.044×Bline. Be-
cause the BCGs are very bright in both the ‘line’ and ‘continuum’ filters, so
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the dominant source of uncertainty on our photometry will be the absolute flux
calibration. For BCGs where we adopt ACS filters (either F775W or F850LP)
as the line filters, we can recover Hα+[N II] features with EWs & 20 Å in the
observer frame. For BCGs where we adopt WFC3IR filters (either F105W or
F125W), we can recover features with EWs & 40 Å in the observer frame.
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2.3.3 Other Emission Lines
Longslit spectra provide coverage of the [O II], [O III] λ, λ4959, 5007, and Hβ
emission lines. We measure line luminosities by fitting a Gaussian line profile
and a continuum to reduced, 1-D longslit spectra using the IRAF task splot.
Continuum levels in splot are identified by averaging regions of continuum
emission adjacent to emission lines, and continuum-subtracted Gaussian line
profiles are fit using the default iterative Levenberg-Marquardt algorithm. An
[O II] luminosity could not be calculated for Abell 383, owing to contamination
of the spectrum at ∼ 4424 Å. [O III] λ 5007 is unavailable for RXJ1347.5-1145
since the available spectrum does include this line.
[O II] luminosities are an independent check on the SFR derived from our
UV and Hα luminosities. While [O II] luminosities are usually considered
to be a less reliable estimator of SFRs due to their dependence on ionization
and metallicity, they can provide extra constraining power when used in con-
junction with other SFR estimators (Charlot & Longhetti, 2001; Rosa-González
et al., 2002; Kewley et al., 2004; Moustakas et al., 2006). We can use Hβ lu-
minosities in a similar fashion. Assuming case B recombination, we can derive
an SFR from Hβ, using the relation Hα/Hβ = 2.85 (Veilleux, 2002).
[O III] λ 5007 is useful for constructing diagnostic diagrams to separate re-
gions heated by normal stars versus other sources of ionization like AGN and
shocks. The classic diagram for distinguishing star forming regions from AGNs
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is the BPT diagram (Baldwin et al., 1981; Kewley et al., 2001; Kauffmann et al.,
2003b). We construct a modified version of the BPT diagram based on a combi-
nation of spectral and broadband data. We use an additional diagnostic, when
possible, that is nearly insensitive to extinction, and only uses our spectro-
scopic data. The so-called ‘blue-line’ diagram barely depends on the accuracy
of the reddening correction because it is derived solely from equivalent width
values. In this work, we use the ‘blue-line’ diagram derived from the [O II],
[O III], and Hβ lines (Lamareille, 2010; Lamareille et al., 2004). Specifically,
this diagram compares the ratios of equivalent widths [O III] λ 5007/Hβ to
[O II]/Hβ and we can measure these ratios directly from the SOAR spectra.
2.3.4 Reddening Correction
HST and SOAR observations (when stated explicitly) are corrected for in-
trinsic dust reddening in a manner similar to McDonald et al. (2013). Assum-
ing continuous star formation, the young-stellar continuum Lν (ν) in the rest
wavelengths 1500−2800Å is flat, and we can thus construct reddening maps for
the CLASH BCGs by assuming the gradual slope in flux we observe between
pairs of UV images is due to mild dust extinction. In most cases we select the
F275W and F336W filter to calculate the reddening. Filter selections for in-
dividual BCGs are given in Table 2.2. Even though this procedure assumes
continuous star formation, the effect of SFH is relatively small– a starburst
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Figure 2.3 The reddening corrected UV luminosity map for CLASH BCGs are
shown in the left panel. The region used to extract LUV for each BCG is out-
lined in black. Likewise, the Hα images are shown in the center panel. The es-
timated Calzetti reddening map is in the rightmost panel, in units of E(B−V ).
The uniform color code in the E(B − V ) ranges from 0.0 (black) to 0.8 (red),
with typical values between 0.1 and 0.5. White regions in the E(B − V ) maps
have insufficient UV flux to perform the reddening estimate. Galaxies shown
are the BCGs of Abell 383, MACS0329, MACS0429, MACS1115, MACS1423,
MACS1720, MACS1931, MS2137, RXJ1347, RXJ1532, and RXJ2129, in that
order.
with a finite burst duration above 10 Myr will have a slope that differs from a
model with continuous star formation by . 5%.
We construct spatially resolved reddening estimates by covering the UV
emission features in each BCG with grid squares 0.195” on a side, correspond-
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ing to 3×3 pixels in the drizzled images. Grid squares of this size are a com-
promise between sensitivity and spatial resolution, and make our corrections
directly comparable to the reddening correction employed in McDonald et al.
(2013). Squares which do not have a minimum of 5σ of UV flux in the two
filters used to calculate E (B − V ) are rejected, leaving behind a grid covering
just the significant UV emission, like the example given in Figure 2.4.
  
Figure 2.4 Illustration of the method for extracting reddening information from
UV filters, for RXJ1532.9+3021. The final reddening map is shown in the right.
The layout of grid squares used to calculated E(B-V) is shown overlaid on the
F275W filter on the left.
We calculate two reddening maps for each BCG, one using a Calzetti et al.
(2000) extinction curve, and one using the Milky Way dust curve parameterized
in O’Donnell (1994). When using the Milky Way dust model, we avoid the
effect of the 2175 Å bump by both subtracting the best-fit model of the bump in
Fitzpatrick & Massa (1986) and by choosing UV filters that minimize coverage
of the bump. In each grid square, E (B − V ) is calculated by solving for the
dust extinction necessary to flatten the slope between the UV-upturn-corrected
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fluxes in the two filters. The resulting reddening maps are Gaussian smoothed
with a 0.195” kernel, in order to blur out the effects of binning.
Out of the 20 clusters examined from the CLASH sample, 11 have sufficient
UV flux to estimate intrinsic reddening over at least part of the BCG. Images
of the estimated intrinsic reddening maps are shown in the rightmost panel
for each of these clusters in Figure 2.3. We find that, with few exceptions,
E (B − V ) . 0.5, which is consistent with the dust content typical of cluster
BCGs (Crawford et al., 1999; McDonald et al., 2011).
Non-resolved dust extinctions for UV-faint BCGs and faint regions in UV-
bright BCGs are calculated using F140W-IRAC colors assuming an underly-
ing early-type stellar population. These bands are suitable for estimating ex-
tinction in these galaxies and regions since the F140W band is slightly extin-
guished at the rest wavelengths of CLASH BCGs while the IRAC bands are
essentially reddening free. Furthermore, the F140W-IRAC color at these red-
shifts is insensitive to the SFH, so the assumed underlying population does not
affect the resulting dust estimate. Spitzer/IRAC 3.6µm and 4.5µm fluxes are
available for all CLASH clusters except Abell 1423. We use fluxes measured
in 3.0” diameter apertures and apply the aperture corrections used in Sanders
et al. (2007), selecting either the 3.6 µm and 4.5 µm band for each BCG sep-
arately in order avoid the polycyclic aromatic hydrocarbon feature at 3.3 µm
rest-frame.
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Detections of H2 vibrational modes are also prevalent in the IR between 5-
25µm in starforming BCGs (Donahue et al., 2011). We note that the presence
of these lines in IRAC filters may affect our estimate of the dust reddening;
however, we are mostly relying on this estimate of the reddening in BCGs with
little evidence of ongoing star formation where we would not expect there to be
wide vibrational H2 lines.
We use the spatially resolved extinctions to correct observed fluxes in UV-
bright structures and the non-resolved extinctions to correct fluxes outside
these structures and in UV-faint BCGs. To correct line luminosities, we adopt
the relation E(B − V )∗ = 0.44E(B − V )gas reported in Calzetti et al. (2000).
While this is the empirically observed relation between the extinction of neb-
ular and stellar emission in starburst galaxies, our choice of extinction model
will introduce a systematic uncertainty, since starburst BCGs may differ from
the starburst galaxies used to calibrate this relationship.
The reddening correction multiplies our values for LUV in UV luminous
BCGs by a factor of ∼ 2 − 5, which is consistent with what Donahue et al.
(2015) expected, given the typical dust content of an active cool core BCG. For
example, Donahue et al. (2015) reports an unobscured SFR for RXJ1532 of∼ 40
M yr−1, which is less than the Herschel-estimated value of∼ 100 M yr−1. The
reddening corrected UV SFR for RXJ1532 we find is 97 ± 4 M yr−1 (only ac-
counting for statistical uncertainty). For this BCG, the reddening corrected UV
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SFR yields a rate comparable to the IR estimate.
2.3.5 Broadband Aperture Photometry
To extract photometry for estimating the mean UV luminosities 〈Lν,UV 〉 in
UV-bright BCGs, we chose regions that contain all of the substantial UV flux
with the aid of the ds92 contour tool (see Figure 2.3). These regions trace sur-
face brightness contours of 7.14×1024 erg s−1 Hz−1 pix−2, corresponding to a
star formation rate surface density of 10−3 M yr−1 pix−2. For the ten UV-faint
BCGs (those lacking sufficient UV flux to make a spatially resolved estimate
of reddening), we measured fluxes inside circular apertures that were as large
as possible but still excluded satellite galaxies. We opted for this strategy for
measuring photometry because it makes it straightforward to capture the flux
in the highly irregular morphologies present in the CLASH BCGs. We calcu-
lated Hα+[N II] luminosities using the same apertures selected for significant
UV flux.
Line luminosities measured in our spectra were measured in rectangular
apertures that, while similar in area in most cases to the apertures we used to
measure broadband luminosities, nonetheless do not cover the same regions of
the BCGs that were included in our calculations of LUV and LHα+[NII]. There-
fore, when comparing line luminosities obtained from SOAR spectroscopy with
2http://ds9.si.edu
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Table 2.2
UV and Hα Filters for BCG Luminosities
Cluster za UV filters E(B-V) filters Hα ‘continuum’ Hα ‘line’
Abell 209 0.209 F225W, F275W
F336W
— F850LP F775W
Abell 383 0.187 F225W, F275W F225w, F275w F850LP F775W
Abell 611 0.288 F225W, F275W
F336W
— F775W F850LP
Abell 1423 0.213 F225W, F275W
F336W
— F850LP F775W
Abell 2261 0.224 F225W, F275W
F336W
— F625W F775W
MACS0329.7−0211 0.450 F225W, F275WF336W, F390W F275W, F390W F775W F850LP
MACS0429.6−0253 0.399 F225W, F275W
F336W
F275W, F336W F775W F850LP
MACS0744.9+3927 0.686 F275W, F336WF390W, F435W — F140W F105W
MACS1115.9+0129 0.352 F225W, F275W
F336W
F275W, F336W F775W F850LP





F275W, F390W F125W F105W
MACS1720.3+3536 0.391 F225W, F275W
F336W
— F775W F850LP
MACS1931.8−2635 0.352 F225W, F275W
F336W
F275W, F336W F775W F850LP
MS2137−2353 0.313 F225W, F275W
F336W
F275W, F336W F775W F850LP
RXJ1347.5−1145 0.451 F225W, F275WF336W, F390W F275W, F390W F775W F850LP
RXJ1532.9+3021 0.363b F225W, F275W
F336W
F275W, F336W F775W F850LP
RXJ2129.7+0005 0.235 F225W, F275W
F336W
F275W, F336W F850LP F775W
RXJ2248.7−4431 0.348 F225W, F275W
F336W
— F775W F850LP
CLJ1226.9+3332 0.890 F336W, F390WF435W, F475W — F105W F125W
MACS1311-0310 0.499 F225W, F275WF336W, F390W — F125W F105W
a Redshifts are the same as those quoted in Postman et al. (2012), unless otherwise stated.
b (Crawford et al., 1999)
54
CHAPTER 2. STAR FORMATION ACTIVITY IN CLASH BRIGHTEST
CLUSTER GALAXIES
broadband luminosities, it was necessary to measure the broadband luminosi-
ties in the apertures corresponding to the position and shape of the slit. Since
our reduced spectra are 1-D, we used the mean value of E(B − V ) in each rect-
angular aperture to estimate the extinction correction for both the spectral line
luminosities and the UV and Hα+[N II] luminosities we compare them to.
2.3.6 Stellar Population Properties
We use iSEDfit to calculate the probability distributions for model ap-
proximations of the SED in RXJ1532.9+3021, either in single apertures or in
individual pixels to create stellar parameter maps. See Moustakas et al. (2013)
for details on iSEDfit. SEDs are composed of fluxes extracted from identical
apertures (or individual pixels), in each of the 16 bands of CLASH HST pho-
tometry. We do not correct for fluxes for intrinsic reddening, since iSEDfit
allows for local extinction to be treated as a fit parameter.
When creating parameter maps using SEDs fit on individual pixels, we
PSF-match each image to the F160W PSF and extract SED for each pixel using
the PSF-matched photometry. For approximately normally distributed param-
eters, we assigned the mean values for the posterior probability density func-
tions (PDF) for model SED parameters for each pixel SED to the locations of
pixels in order to create maps of the BCG. The model predicted rest-frame flux
for Hα+[N II] provides a sanity check on the physical parameter maps for the
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16 band SED, since we can compare its morphology to the LHα+[NII] map de-
scribed in Section 3.2. The two images are shown in Figure 2.5 with matching
coordinates, where it can be seen that the filamentary features in the LHα+[NII]
map correspond to the features derived from the SED. The two images depict
the same pair of Hα ‘bulges’ in the center of the BCG as well.
Figure 2.5 Left: Map of the Hα+[N II] luminosity constructed using iSEDfit.
Right: Hα+[N II] luminosity map estimated by scaling F850LP and F775W
images. We juxtapose the two to demonstrate the morphological similarity
between them. The structures in our starburst maps in Figure 2.15 appear to
be dominated by the filamentary structure in the Hα+[N II] image.
2.4 Results
2.4.1 Broadband Luminosities and Star Forma-
tion Rates
Mean UV and Hα+[N II] luminosities are given in Table 2.3. We present
the reddening corrected 〈LUV 〉 both for a Calzetti reddening law and for Milky
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Figure 2.6 LUV and LHα+[NII] are plotted for the regions tracing UV emission.
The luminosities are corrected for dust obeying a Calzetti reddening curve. The
light blue band shows the region corresponding to where the two luminosities
predict the same SFR according to the Kennicutt SFR calibrations, to within
the 0.3 dex scatter in the Kennicutt UV calibration. Absent error bars are too
small to see as plotted.
Way-type dust. Luminosities are converted to SFRs using the Kennicutt SFR
calibrations. There are several sources of potential scatter in this estimate,
including contamination of the UV luminosity by AGN activity, and variations
in the IMF and SFH of the stellar population (Kennicutt (1998) assumes a
continuous SFH and a Salpeter (1955) IMF). For the LUV based SFR estimates,
we have not attempted to correct for these effects. However, the UV features
we observe are not likely to be due to AGN activity, which is ruled out by the
complicated UV morphology reported in Donahue et al. (2015).
In order to estimate Hα based SFRs using Kennicutt (1998), we need to esti-
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mate the ratio [N II]/Hα. The line ratio of [N II] to Hα can vary between BCGs,
and within filamentary structures in BCGs, so whatever choice we adopt will
add scatter to our estimate of the Hα based SFR (McDonald & Veilleux, 2009;
McDonald et al., 2014a; Crawford et al., 1999). This ratio is typically 0.5 for
optical galaxies (Kennicutt, 1992; Kewley et al., 2001, 2004). However, the ra-
tio [N II]/Hα is often larger than 0.5 in BCGs (Heckman et al., 1989; Crawford
et al., 1999). For Hα luminous BCGs in the X-ray selected sample of clusters
in Crawford et al. (1999), the typical [N II] λ6584/Hα is 1.1± 0.4. We adopt this
value in order to calculate SFRs using LHα+[NII], bearing in mind that this is
a rough approximation with considerable scatter. Nonetheless, we believe that
variation in [N II]/Hα is a secondary consideration for the purposes of estimat-
ing SFRs, given the scatters in the Kennicutt (1998) calibrations between LHα
and SFR and between LUV and SFR.
The correlation between UV and Hα+[N II] luminosities is shown in Fig-
ure 2.6. The two luminosities are broadly consistent with the ratio expected
from Kennicutt (1998), in that the SFR estimates derived from the UV and
Hα+[N II] luminosities are consistent with each other. This result is differs
from the findings of McDonald et al. (2010, 2011), since they find on average
the UV/Hα ratio is slightly lower than that predicted from the Kennicutt rela-
tionships. This is most likely because they do not correct for extinction due to
dust in the BCG. Indeed, they propose adding a correction of E (B − V ) = 0.2 to
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Table 2.3
BCG Star Formation Rates
Cluster LUV LUV LHα+[NII] UV SFR
a Hα SFRa Areac
(Cal)a (MW)b (Cal)a
1027 ergs s−1 Hz−1 1041 ergs s−1 M yr−1 kpc2
Abell 209 0.1 ± 0.3 0.1 ± 0.3 – 0.01 ± 0.04 – –
Abell 383 21.4 ± 2.3 37.2 ± 3.3 5.9 ± 1.0 3.0 ± 0.3 1.9 ± 0.6 14.26±0.02
Abell 611 < 0.3d < 0.3 – < 0.04 – –
Abell 1423 0.5 ± 0.2 0.6 ± 0.3 – 0.07 ± 0.03 – –
Abell 2261 0.2 ± 0.2 0.2 ± 0.2 – 0.02 ± 0.02 – –
MACS0329.7−0211 302.3 ± 12.1 349.9 ± 12.6 254.0 ± 24.1 42 ± 2 80 ± 21 173.9±0.2
MACS0429.6−0253 200.1 ± 11.2 234.2 ± 10.6 103.3 ± 11.8 28 ± 2 33 ± 9 72.2 ± 0.2
MACS0744.9+3927 4.2 ± 0.6 4.6 ± 0.7 – 0.6 ± 0.1 – –
MACS1115.9+0129 91.6 ± 6.5 92.8 ± 5.5 10.7 ± 1.7 13 ± 1 3.4 ± 1.0 52.32 ± 0.05
MACS1206.2−0847 20.8 ± 4.4 25.4 ± 3.9 – 2.9 ± 0.6 – –
MACS1423.8+2404 193.7 ± 8.2 212.4 ± 8.3 103.3 ± 11.1 27 ± 1 33 ± 9 121.2 ± 0.2
MACS1720.3+3536 7.6 ± 1.5 22.5 ± 5.7 13.8 ± 1.6 1.1 ± 0.2 4.4 ± 1.2 10.08 ± 0.02
MACS1931.8−2635 1975 ± 135 1756 ± 79 422.1 ± 49.5 280 ± 20 130 ± 40 331.5 ± 0.5
MS2137-2353 43.7 ± 6.7 22.4 ± 2.2 35.3 ± 9.9 6.1 ± 0.9 11 ± 4 15.41 ± 0.07
RXJ1347.5−1145 153.7 ± 9.0 175.4 ± 8.6 36.7 ± 6.9 22 ± 1 12 ± 4 71.3 ± 0.2
RXJ1532.9+3021 694.0 ± 25.0 765.6 ± 24.5 429.9 ± 29.1 97 ± 4 140 ± 40 308.1 ± 0.2
RXJ2129.7+0005 12.4 ± 6.9 9.3 ± 3.0 32.5 ± 31.1 1.7 ± 1.0 17.2 ± 16.4 10 ± 10
RXJ2248.7−4431 0.8 ± 0.4 0.9 ± 0.4 – 0.1 ± 0.1 – –
CLJ1226.9+3332 6.2 ± 0.4 6.5 ± 0.5 – 0.9 ± 0.1 – –
MACS1311.0−0310 3.9 ± 2.9 4.0 ± 3.0 – 0.5 ± 0.4 – –
a Calzetti model dust was used to calculate the reddening correction.
b Milky Way model dust was used to calculate the reddening correction.
c Areas of UV emitting regions as observed with the F336W filter. Uncertainties are calculated by using Monte Carlo draws to sample the distribution of the
number of pixels containing positive flux in the regions shown in Figure 2.3.
d 3σ upper limits are shown.
their data, which would make their results consistent with continuous star for-
mation, and this value is typical for the dust extinction we observe in CLASH
BCGs.
UV SFRs are correlated with the areas of the star forming region in CLASH
BCGs (Figure 2.7). CLASH BCGs have an average SFR surface density (〈ΣSFR〉)
of ∼ 0.3 M yr−1 kpc−2, with typical values ranging between ∼ 0.1−0.4 M yr−1
kpc−2. Areas of the UV flux emitting regions were measured using the F336W
filter. In order to calculate the uncertainty, we sampled the distribution of
fluxes in each pixel in the regions shown in Figure 2.3 using a Monte Carlo
method, which we used to create a distribution of flux-emitting areas. The ex-
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Figure 2.7 The UV derived SFR is shown as a function of the area of the UV
flux emitting regions measured in the F336W filter. The dotted line represents
an 〈ΣSFR〉 of ∼ 0.3 M yr−1 kpc−2. Absent error bars are too small to be seen
as plotted.
ception to this is MACS1931.8−2635, which exhibits a 〈ΣSFR〉 of 0.83±0.06 M
yr−1 kpc−2.
2.4.2 SOAR Spectra Results
The CLASH BCG UV and [O II] luminosities, displayed in Figure 2.8, scale
with each other, but produce divergent SFR estimates. However, UV and Hβ
luminosities (Figure 2.9) have a tight correspondence and produce consistent
estimates of the SFR in CLASH BCGs. The agreement between UV and Hβ
based SFRs is tighter than the agreement between UV and Hα+[N II] derived
SFRs, which is to be expected considering the limited precision of SFRs esti-
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Figure 2.8 The distribution of BCG UV luminosities, LUV , compared to [O II]
luminosities, L[OII], for all BCGs with SOAR coverage of [O II]. UV luminosi-
ties were measured in rectangular apertures that correspond to the spectral
slit placements. The light blue band corresponds to where these luminosities
predict the same star formation rate to within 0.3 dex, as in Figure 2.6.
mated using broadband Hα+[N II].
The SFR-L[OII] relation we use is calculated in Kewley et al. (2004) by us-
ing a sample mean [O II]/Hα to convert from the Kennicutt (1998) SFR-LHα
relation to an SFR-L[OII] relation. However, the theoretical value of L[OII]/SFR
depends on the metallicity of the nebular region (peaking near Z ∼ 0.5 Z) as
well as ionization parameter (peaking near q ∼ 1 × 107 cm s−1) (Kewley et al.,
2004). CLASH BCG redenning corrected flux ratios [O III]/[O II] are typically
∼ 0.1, implying an ionization parameter near q ∼ 1 × 107 cm s−1 for solar and
sub-solar metallicities (Kewley & Dopita, 2002). The combination of these two
parameter depedencies may explain the systematic tension between UV and
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[O II] SFRs. Furthermore, the offset between UV and [O II] SFRs we observe
in CLASH clusters is consistent with the observation in Kennicutt (1998) that
L[OII]/SFR is typically boosted in starbursts relative to galaxies undergoing con-
tinuous star formation by a factor of & 2.
1026 1027 1028 1029 1030















Figure 2.9 BCG UV and Hβ luminosities for all BCGs with SOAR coverage of
Hβ. UV luminosities were measured in rectangular apertures that correspond
to the spectral slit placements. In order to determine the region in the plot
where the two luminosities predict consistent continuous SFRs, we scaled the
Kennicutt law relating LHα to the SFR by a factor of 2.85. The light blue band
is analogous to the band depicted in Figures 2.6 and 2.8. Typical uncertainties
on LHβ are ∼10%, and typical uncertainties on LUV are ∼ 5%.
SOAR spectra were also used to constrain the source of the photoionizing
emission we observe. We place active CLASH BCGs on the blue-line diagnos-
tic diagram for distinguishing starbursting galaxies from AGN, described in
Lamareille et al. (2004) and Lamareille (2010), as well as on the BPT diagram,
in Figure 2.10. We cannot directly separate Hα from [N II] in our broadband
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Hα+[N II] fluxes, so when available, we use line fluxes from the SDSS Data
Release 123 to determine the locations of CLASH BCGs on the BPT diagram
(Alam et al., 2015). In order to place the remaining active BCGs on the BPT di-







. Our expression for X assumes case B recombination.
Regardless of the presence of AGN emission, case B recombination allows us to
derive a reasonable estimate of the ratio of Hα to Hβ, since for systems with hy-
drogen densities in the range 103 − 106 cm−3, Hα/Hβ ∼ 2.7-3.2 (Netzer, 2013).
Because AGN often produce harder photoionizing spectra than young stellar
populations, our assumption will tend bias X slighter higher than [N II]/Hα in
the presence of an AGN. However, such a bias will cause the estimated line ra-
tios to appear more ‘AGN-like,’ so the resulting BPT diagram is a conservative
estimate of the contribution of ongoing star formation to the line ratios we ob-
serve. The positions of BCGs on the BPT diagram determined using X depend
on both the accuracy of our reddening corrections and broadband Hα+[N II]
estimates. Therefore, their value is primarily as a consistency check of the
blue-line diagram.
For the blue-line diagram, we use equivalent widths observed with SOAR
for all CLASH BCGs except Abell 383 and MACS1423.8+2404. Since these
BCGs have incomplete line flux data from the SOAR spectra (Abell 383 does
3http://dr12.sdss3.org/
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Figure 2.10 Left: The blue line diagnostic diagram for line-emitting CLASH
BCGs. CLASH BCGs are overplotted on reference data from SDSS. Galaxies
from galSpec are shown color-coded by BPT classification. Green galaxies are
starforming galaxies, light blue galaxies are composites, blue galaxies are LIN-
ERs and orange galaxies are AGNs. The positions of MACS1931 and RXJ1532
are highlighted, since these two are the largest starbursts in the CLASH BCG
sample. Black points are measured from SOAR data, while red point are mea-
sured from SDSS data. Right: The BPT diagram incorporating CLASH broad-
band line flux estimates. Red points are measured from SDSS data, while black
points are estimated using a combination of SOAR fluxes and HST broadband
Hα+[N II] flux estimates. For the black points, we defined a proxy for [N II]/Hα







match color coding and approximate locations of regions populated by different
classifications of galaxy.
not have an [O II] measurement and MACS1423 has an upper limit for [O III]
λ5007 estimated from an upper limit of [O III] λ4959) but were observed in
Data Release 12, we use SDSS equivalent widths for these lines instead. In
general, our SOAR spectra are better suited to observing extended nebular
emission in CLASH BCGs because we were able to place the slit to maximize
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coverage of the nebulae. We overplot our results on the SDSS galSpec4 galaxy
sample (Brinchmann et al., 2004; Kauffmann et al., 2003a; Tremonti et al.,
2004). CLASH BCGs tend to lie in a particular region of this diagram, with
low [O III]/Hβ and high [O II]/Hβ relative to the SDSS dataset. Our results
imply that most of the BCGs line in the composite starforming-LINER region
described in Lamareille (2010), with the exception of MACS1931.8-2653.
The BPT diagram shows the Kewley et al. (2001) line in blue and Kauff-
mann et al. (2003b) line in green. CLASH BCGs are distributed in the star-
forming and composite-starforming regions of the diagram. The CLASH BCGs
cluster around log([O III]/Hβ) ∼ −0.3, which puts them below the BPT discrim-
inating boundary between starforming galaxies and AGN (Kauffmann et al.,
2003b). The exception to this is MACS1931, which is consistent with emission
powered predominantly by star formation. We observe an X-ray AGN in the
Chandra image of MACS1931; however, given the extent of the UV emission
region it makes sense to classify the BCG as starbursting. For the most part,
the blue-line and BPT indicate consistent sources powering line emission in
CLASH BCGs.
Based on these diagnostics, we conclude that the line emission in most of the
BCGs is either predominantly due to ongoing star formation, or to a compos-
ite starforming-LINER-like source. In particular, the two most UV luminous
4http://www.sdss.org/dr12/spectro/galaxy mpajhu/
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BCG in our sample, MACS1931 and RXJ1532, are consistent with star for-
mation being the main photoionization mechanism when taking into account
both diagnostic diagrams. MACS1720, MS2137 and possibly Abell 383 may be
LINERS, although much of their UV and Hα+[N II] flux is not in a nuclear
emission region. Likewise, the majority of the composite galaxies fall into the
composite starforming-LINER classification. This is consistent with previous
results finding LINER-like emission in cool-core BCGs (Véron-Cetty & Véron,
2000; Edwards et al., 2007). However, while the emission line diagnostics in
these BCGs are LINER-like, they cannot be LINERs since they cannot be pow-
ered by a central black hole (Heckman et al., 1989). Several hypotheses have
been proposed for the source of this extended LINER-like emission. Stellar
populations may be responsible for this emission, which could be due to pho-
toionization from O-stars and young starbursts, shocks, and old stars (Shields,
1992; Olsson et al., 2010; Loubser & Soechting, 2013). Emission lines may
also be due to nebular gas being heated by the surrounding medium (e.g. Don-
ahue & Voit, 1991; Werner et al., 2013), turbulent mixing layers (Begelman &
Fabian, 1990), or collisional heating (Sparks et al., 1989; Ferland et al., 2009).
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2.4.3 Correlation with ICM X-Ray Properties
2.4.3.1 Core Entropies
SFRs derived from LUV in our sample are correlated with the X-ray prop-
erties of the ICM. Figure 2.11 shows the relationship between CLASH BCG
SFRs and ICM core entropies. The core entropy K0 used in the present study
is defined to be the innermost bin of the entropy profile in ACCEPT, and is a
proxy for the existence of a cool core in a galaxy cluster (Hudson et al., 2010).
Entropy as measured by X-rays is defined to be
K ≡ kTxn−2/3e , (2.2)
where Tx is the X-ray temperature in keV, ne electron density in cm−3, and k is
the Boltzmann constant.
Low values of K0 typically accompany activity in BCGs. BCG activity, such
as elevated NUV flux relative to the predicted quiescent UV emission, is ob-
served to occur only in clusters where K0 is . 30 keV cm2 (Cavagnolo et al.,
2008; Hoffer et al., 2012). McDonald et al. (2010) reported on this phenomenon
as well with resolved Hα emission maps in low-redshift BCGs. In Donahue
et al. (2015), a similar entropy threshold was found for the UV-NIR color of
CLASH BCGs, indicating the threshold does not change substantially out to
z∼0.5.
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Here, we demonstrate that a tight correlation exists between reddening cor-
rected SFRs and K0. Specifically, all of the BCGs with an SFR > 10 M yr−1
have a core entropy consistent with a value ≤ 30 keV cm2 (see Figure 2.11).
Meanwhile, BCGs that lack significant UV or Hα+[N II] luminosities occupy
a range of core entropies that extends up to ∼ 200 keV cm2. Considering the
difference between the two observables, the tight correspondence between SFR
and core entropy is compelling.
















Figure 2.11 BCG SFRs compared to cluster core entropies. Core entropies be-
low ∼ 30 keV cm2 are associated with the onset of UV emission in BCGs, and
all of the CLASH BCGs with a UV SFR > 10 M yr−1 reside clusters with a core
entropy . 30 keV cm2. The grey vertical line depicts this 30 keV cm2 entropy
threshold. Core entropies are taken from the ACCEPT cluster profile archive.
For several points, errorbars for the SFR and K0 are too small to be depicted
on this plot.
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2.4.3.2 Core Ṁg Estimates
ICM cooling rates inferred by X-ray densities and temperatures bear lit-
tle relation to the spectroscopic cooling rate in cool-core clusters (e.g Peterson
et al., 2001). However, we may to be able to find a relationship between star
formation and a simple proxy for cooling at radii where we hypothesize ICM
cooling actually occurs. The quantity we examine, Ṁg (r), is analogous to the













where ρg (r) is the azimuthally average X-ray gas density, and tcool (r) is the
averaged X-ray cooling time at radius r. Menc (r) is the gas mass enclosed in





nenHΛ (Z, T )
to define the cooling time, and use the assumption in Cavagnolo et al. (2009)
that n ≈ 2.3nH . The cooling curve Λ (Z, T ) is estimated by interpolating the
Sutherland & Dopita (1993) cooling function at solar metallicity.
We choose to measure Ṁg (r) at r = 35 kpc (Ṁg,r35), and at the radius in
each cluster where the ratio between the cooling time and free-fall time is
tcool/tff = 20 (Ṁg,t20). We calculate free-fall times by estimating cluster den-
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sity profiles as the sum of NFW profiles derived from lensing in Merten et al.
(2015a) and singular isothermal sphere profiles of BCG stellar density derived
from stellar mass estimates in Burke et al. (2015). The impact of the stellar
mass component on our overall result is not substantial; however, we include
it for completeness.
Ṁg,r35 is useful to measure because 35 kpc is typical of the maximum radius
we observe Hα+[N II] and UV structures in CLASH clusters, and because this
radius maximizes the correlation between UV SFR and Ṁg (r) (see Figure 2.12).
This quantity can be calculated for all the CLASH clusters using ACCEPT
data.






















Figure 2.12 Pearson correlation coefficients are shown between log(SFR) and
log(Ṁg) as a function of radius R. Green line denote the minimum correlation
to rule out the null hypothesis at P<0.05.
The choice of Ṁg,t20 reflects the finding that BCG activity occurs in clusters
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with a minimum value in their tcool/tff profile between 4 and 20 (Voit et al.,
2015). Since BCG activity is associated with potentially cooling ICM gas where
tcool/tff ≤ 20, Ṁg,t20 measures the predicted cooling rate in gas that we suspect
is directly involved in cooling. Radii where tcool/tff = 20 are listed for each
cluster in Table 2.4. Clusters where tcool/tff > 20 in the innermost bin of the

















We show the relationship between the UV SFR and both Ṁg,r35 and Ṁg,t20
in Figure 2.13. The dashed lines denote, from right to left, where the BCG is
forming stars at 100%, 10%, 1%, and 0.1% of the cooling rate implied by Ṁg. If
we interpret the SFR as a proxy for the actual cooling rate in this system, and
interpret Ṁg as the ‘potential’ cooling rate in the absence of feedback, then the
larger starbursts are cooling much more efficiently than smaller starbursts.
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We fit trend lines to the data for both the SFR-Ṁg,r35 and SFR-Ṁg,t20 rela-
tions using orthogonal least squares regression. We find that the slope on the
trends fit to the two datasets (0.35±0.05 for SFR-Ṁg,r35 and 0.27±0.06 SFR-
Ṁg,t20) are nearly consistent, leading to the conclusion that the two definitions
of Ṁg measure a similar quantity.
Several limitations impacting our measurements may affect how tightly cor-
related SFR-Ṁg (both Ṁg,r35 and Ṁg,t20) appear to be in our data. Gas density
profiles in ACCEPT have a limited resolution (between 10−30 kpc per bin de-
pending on the CLASH cluster), so values for Menc are typically calculated by
interpolating on the central few bins of each profile. Temperature profiles are
less well resolved than ρg profiles, which adds scatter to our estimate of tcool (r)
profiles. Deeper X-ray observations will beat down the systematics in Ṁg, and
a larger sample of cool core clusters will allow us to more precisely constrain
the SFR-Ṁg relationship and examine the effects of sample selection. With our
current data, we establish that a relationship exists between these two quanti-
ties, and that this relationship implies that as the BCG SFR increases, there is
a steady increase in the ratio of ongoing star formation relative to the predicted
cooling time in the reservoir of hot gas.
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Figure 2.13 Relationship between SFR and Ṁg measured at 35 kpc (top) and
radii where tcool/tff = 20 (bottom). Solid lines fit the data. Dashed lines indicate
(from furthest right) where SFR is 100% of Ṁg, 10%, 1%, and 0.1%.
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2.4.4 Model Fitting to RXJ1532.9+3021
We adopt RXJ1532.9+3021 as a case study and use its HST SED to delve
into the SFH of the BCG in this galaxy cluster. RXJ1532 exhibits the second
highest star formation in our sample and is replete with UV and Hα bright fil-
aments and knots. This BCG makes a better case study than the strongest star
forming galaxy in our sample, MACS1931.8-2635, because the latter exhibits
a strong X-ray AGN which could complicate pixel-scale SED fitting. RXJ1532
also has detailed auxiliary data including an SDSS spectrum covering Hα and
[N II] and a deep Chandra observation (Hlavacek-Larrondo et al., 2013b).
RXJ1532 is therefore an excellent prototype for exploring the characteristics
of the star forming regions in CLASH BCGs.
We both fit a single-aperture SED from the region used to calculate LUV and
constructed stellar parameter maps. The best-fit SFR in the single-aperture
SED is 118+215−42 M yr−1. The average extinction is E(B-V) = 0.27 ± 0.07. Since
the posterior probability distribution of the SFR is close to log-normal, the best-
fit value we report is the mode of the distribution and the uncertainty we report
is the 68.3% confidence interval. The best-fit starburst is relatively long-lived,
with a burst duration log∆tb [Gyr] = −0.16 ± 0.47, and massive, with a total
burst mass log Mb [M] = 11.03 ± 0.36. The burst parameters in the fit have
degeneracies (see Figure 2.14), although the peaks in the probability distribu-
tion suggest that we are constraining the parameters.
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Figure 2.14 We show the two dimensional posterior probability distributions for
∆ tb×SFR, ∆ tb×Burst Mass, ∆ tb×Total Mass, SFR×Burst Mass, SFR×Total
Mass, and Burst Mass×Total Mass. Black points denote the individual Monte
Carlo draws used to construct the posterior probability distribution, and con-
tours are the 68%-95%-99.7% contours calculated from the kernel density esti-
mate smoothed distribution. The marginal distributions for individual param-
eters are shown by the histograms on the diagonal.
We show stellar parameter maps in Figure 2.15, including ∆tb, the SFR,
and the spatial distribution of the total mass of the BCG. Star formation is
concentrated in knots in the center of the BCG, along with a network of six
bright filaments and several dimmer filaments. The SFR morphology is consis-
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Figure 2.15 Two dimensional maps of SFR, log ∆ tb, and the total mass surface
density for RXJ1532. The bottom right panel provides labels for the morpho-
logical features in the parameter maps. The SFR map is in units of log M
yr−1, log ∆ tb in log Gyr, and the total mass in units of M pix−2. All values are
expectation values. log ∆ tb is masked to only depict regions where the likeli-
hood of a starburst is ≥ 1σ. The pair of filaments to the south of the center of
the BCG, and the filament along the NW/SE are noteworthy for being by & 1
order of magnitude younger than the average age of the starburst in this sys-
tem. Possible conical shaped underdensities are roughly along the positions of
bright filaments. At the redshift of the cluster, z=0.363, the 3” reference scale
in the figures corresponds to about 15.2 kpc.
tent with the Hα and UV morphology. The sum of the pixel SFR modes in the
single-aperture SED region is 119 M yr−1, which matches the single-aperture
value remarkably well.
Two filaments point south (A in Figure 2.15), two point northwest (B, C1),
one points southeast (C2), and one extends northward before bending to the
east (D). The filament pointing southeast and the brighter nothwest pointing
76
CHAPTER 2. STAR FORMATION ACTIVITY IN CLASH BRIGHTEST
CLUSTER GALAXIES
filament (C1 and C2) appear to lie along a single axis. The clumps in the core
and the filaments in the north account for the bulk of the ongoing star forma-
tion. The starbursts in these structures are long-lived, on the order of 108− 109
yr, which is consistent with the results of the single aperture SED. The fila-
ments to the south, and the two that lie along a single southeast-northwest
axis passing through the center of the BCG, are more than an order of magni-
tude younger than the rest of the burst system.
The peak and western ‘bulge’ in the total mass corresponds to the central
knot morphology in the BCG. Meanwhile, two roughly conical ‘drop-offs’ ap-
pear to the east and west, and both of them extend outward from the positions
of star-forming filaments. Similar drop-offs are be visible at the positions of
the young, southern filaments. These drop-offs may reflect real deficits in the
stellar surface density of the BCG, but may also be a consequence of the dust
geometry in this system. Since dusty filaments in the BCG screen the elliptical
stellar populations behind them, it is possible that the drop-offs are regions
where the mass estimate is biased low due to the positions of filaments along
the line of sight.
In the Appendix to this chapter, we demonstrate that the iSEDfit derived
values for SFR and E(B − V ) agree with the broadband values and show that
the SED predicted Hα+[N II] line emission equivalent width matches the SDSS
spectrum. We also discuss the importance of the Hα feature to characteriz-
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ing the SFH using SED fitting. The particulars of the SFH model (a uniform
starburst superimposed on an exponentially decaying SFH) and our choice of
parameter space are documented in the Appendix as well.
2.5 Discussion
Half (10 out of 20) of the X-ray selected sample of CLASH clusters show ev-
idence for significant (> 5 σ) rates of reddening-corrected star formation using
both UV and Hα indicators. CLASH BCGs occupy regions of line diagnostic di-
agrams that are typical of composite starforming-LINER galaxies, and in sev-
eral cases line emission may be primarily powered by star formation. This rate
of incidence is substantially higher than previous published rates of incidence
of star formation or line emission in X-ray selected cluster BCGs, which are
in general closer to 20-30% (e.g. Crawford et al., 1999; Edwards et al., 2007).
However, the CLASH X-ray selected sample differs from these populations of
galaxy clusters, since it is comprised of high gas temperature (kTx ≥ 5 keV)
clusters chosen according to a relaxation criterion based on X-ray morphology.
The CLASH sample of BCGs has an incidence of line emission similar to the
incidence of line emission in REXCESS cool core clusters (70%) (Donahue et al.,
2010). Our sample characteristics differ from REXCESS in that it is at higher
redshift (z = 0.2 − 0.7 compared to z = 0.06 − 0.18) and contains comparatively
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massive amounts star formation.
The trends between LUV and LHα+[NII] and between LUV and LHβ suggest
applying the Kennicutt SFR calibrations produces consistent star formation
rates. However, SFRs predicted using L[OII] are systematically elevated rela-
tive to UV based SFRs. These results may not be unusual for starburst galax-
ies, although they may also indicate that the [O II] emission line is being par-
tially powered by an additional source heating the ionized gas.
The SFRs in several BCGs are very large. In particular, two galaxies ex-
hibit SFRs & 100 M yr−1, and an additional five have SFRs > 10 M yr−1.
The strongest star formers (MACS1931, RXJ1532) are forming stars several
times more slowly than the Phoenix cluster, which to date exhibits the largest
known SFR of a BCG (McDonald et al., 2013, 2014b). However, MACS1931 is
noteworthy because its UV SFR (280 M yr−1) is ∼ 40% of the cooling rate in
the absence of heating (∼700 M yr−1) measured in Ehlert et al. (2011). The
Phoenix SFR is ∼30% of the cooling rate in the absence of heating measured
in McDonald et al. (2014b), so it is plausible that MACS1931 and the Phoenix
cluster harbor BCGs undergoing similar feedback events. The presence of an
X-ray AGN in each BCG also suggests that the AGN is undergoing a similar
evolutionary phase. Furthermore, MACS1931 is forming stars more densely
than the rest of the CLASH sample, which suggests it is an outlier relative to
other starforming BCGs.
79
CHAPTER 2. STAR FORMATION ACTIVITY IN CLASH BRIGHTEST
CLUSTER GALAXIES
2.5.1 BCG-ICM Interactions
Examination of core entropies implies that the extended star forming fea-
tures in CLASH BCGs are likely due to an interaction between the BCG and
the enveloping ICM. Reddening corrected SFRs obey the 30 keV cm2 core en-
tropy threshold reported in e.g. Hoffer et al. (2012) – all the strong star formers
(SFR > 10 M yr−1) fall at or below the threshold. From these results we con-
clude that ongoing star formation in the BCGs is correlated with the thermo-
dynamics of the surrounding ICM. It is plausible that a low ICM core entropy
is necessary for the onset of star formation in these BCGs. However, it does not
directly trigger star formation, as evidenced by the existence of low-SFR BCGs
with core entropies below 30 keV cm2.
We also analyze observables related to cooling in the low-entropy ICM sur-
rounding BCGs, in order to better understand the interaction between the low-
entropy ICM and BCG starbursts. We define two quantities, Ṁg,r35 and Ṁg,t20,
which approximate the cooling rate of ICM gas in the vicinity of the BCG. For
both definitions of the cooling rate, we observe a similar trend between SFR
and Ṁg. The positive correlations between SFR and both Ṁg,r35 and Ṁg,t20 are
reasonable since the low-entropy gas near the BCG is a prime candidate for
the reservoir of gas that cools to become star forming molecular gas. Since the
correlation between SFR and Ṁg (r) drops as Ṁg (r) is measured at larger radii,
these findings are consistent with the tension between observed ICM cooling
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rates those predicted by measuring ICM gas masses with tcool less than a Hub-
ble time.
According to the framework recently laid out in Voit et al. (2015) and Voit
& Donahue (2015), the ICM cools by condensing into clouds when AGN jets
destabilize ICM gas with tcool below 5-20 times the free-fall time. Detailed sim-
ulations carried out in Li & Bryan (2014) and Li et al. (2015) examine AGN
jet-triggered condensation of unstable ICM gas onto clumps of cold molecular
gas at distances of tens of kpc from the cluster core and track how these clouds
evolve, form stars, and precipitate onto the AGN. Simulated AGN jet-triggered
precipitation and feedback results in a feedback duty cycle, wherein jet me-
chanical pressure condenses low-entropy gas while the AGN simultaneously
heats the surrounding gas. Once the supply of cold gas precipitating onto the
AGN can no longer be replenished by condensation, the AGN shuts off allow-
ing a brief period of cooling directly onto the AGN and restarting the cycle (Li
et al., 2015). These simulations reproduce the UV morphologies of cool-core
BCGs in CLASH, shown in Donahue et al. (2015), and in lower-redshift BCGs
studied in Tremblay et al. (2015).
Since jet-triggered precipitation ought to have a morphological relationship
with the jet and a characteristic timescale set by the AGN duty cycle, we can
look for evidence that may support or contradict this prediction by comparing
the SED-derived stellar parameter maps in RXJ1532 to X-ray measurements
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of recent AGN activity. In the single-aperture SED of RXJ1532, the starburst
lifetime is log ∆tb [M] = 8.8 ± 0.5 log10yr, so the bulk of the starburst has
a lifetime on the order of ∼1 Gyr. However, the southern filaments and the
northwest-southeast filaments are 107 − 108 yr old. The Chandra X-ray image
reveals two well-defined cavities to the east and west of the BCG, and possible
evidence of ghost cavities to the north and south (Hlavacek-Larrondo et al.,
2013b). The cavity refill times, which are the largest estimates of the cavity
ages provided by Hlavacek-Larrondo et al. (2013b), are 6.3±0.7 and 8.2±0.7 ×
107 yr. The cavities appear to be young relative to the timescale of the star-
burst we recover in our analysis, but match the ages of the young filaments.
Our results in RXJ1532 are consistent with an ongoing process of clumps and
filaments precipitating out of the ICM when pushed out of equilibrium by jets.
Application of the SED fitting techniques developed in this paper to other BCGs
in the CLASH sample will determine if this narrative is consistent for all of the
star forming BCGs.
The cavities in RXJ1532 also appear to be aligned with the northwest-
southeast oriented young filament, and anti-aligned with the shape of the BCG
filament network more generally. This morphological relationship is depicted
in Figure 2.16. The young filament traces one of the bright Hα filaments as
well. The most prominent X-ray cavity corresponds to the brighter (western)
end of this filament, suggesting a system with the western edge inclined to-
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wards us. Given the available data, we do not rule out a coincidence; however,
the corresponding ages and morphologies suggest jet-triggered formation of the
young filaments. We hypothesize that the northwest-southeast filament may
have been the result of positive feedback triggered by compression from a jet
inflating the X-ray cavities.
Figure 2.16 Left: The burst log lifetime map for the RXJ1532 BCG, which em-
phasizes the young filaments, is shown with contours of 0.5-7.0 keV counts
from the Chandra observation of the cluster shown in black. The red line traces
the position of the young filament extending along a northwest-southeast axis.
Right: The 0.5-7.0 keV Chandra image of RXJ1532. The red line is identi-
cal to the line shown depicted in the left panel. The red line points directly
into the prominent cavity in the northwest of the image, and appears to lie
along the axis connecting the northwest cavity to the much fainter southeast
cavity, which is evident in the unsharp-masked image presented in Hlavacek-
Larrondo et al. (2013b).
The narrative we propose for RXJ1532 may be typical for other BCGs in cool
core clusters. The SFH of RXJ1532 agrees with a study of line emitting BCGs
in the SDSS survey produced by Liu et al. (2012b). While their interpretation
of the burst history differs from ours (they assume a stellar population divided
into three components– a recent starburst, young stars, and old stars), they
find that the majority of the flux they observe in that sample of BCGs is due
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to stars forming within ∼2.5 Gyr. Furthermore, estimates of molecular gas
masses imply that BCG starbursts typically have fuel to last ∼1 Gyr (O’Dea
et al., 2008). While the case of RXJ1532 may be extreme in terms of SFR, its
burst history may be the norm for star forming BCGs. The sum of the results
described here, taken in addition to the evidence provided by Donahue et al.
(2015), shows agreement between the resolved star structures we observe in
the CLASH BCGs and recent theoretical work on feedback in cool core clusters.
The idea of an AGN jet-driven mechanism for ICM condensation could also
account for our finding that as the SFR increases in the BCG, the SFR accounts
for a larger fraction of the total cooling implied by Ṁg. Ṁg,r35 and Ṁg,t20 can be
interpreted as what the cooling rate of gas in these radii in the absence of re-
heating. Based on this interpretation, we suspect that larger starbursts occur
in BCGs where gas is cooling more efficiently. The correlation between cool core
BCG SFRs and ‘efficiency’ can be explained neatly if cooling is localized around
AGN jets and cavities. If larger SFRs occur in BCGs exhibiting AGN feedback
in larger areas, a larger fraction of unstable ICM gas inside a given radius
may be triggered into condensing by feedback. This scenario is consistent with
our finding that SFR is correlated with the area of the star forming regions
in BCGs. Future simulations can test whether a jet-driven cooling mechanism
produces a density distribution of cold clouds that correspond to the range of
〈ΣSFR〉 we observe.
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Alternatively, in the feedback cycle modeled in Li et al. (2015), a large
amount of gas is cooled quickly with the initial onset of jet feedback (on the
order of 10s of Myr), and is slowly consumed by star formation (on the order of
a Gyr). Larger SFRs tend to occur earlier in the feedback cycle, when propor-
tionally more of the ICM is precipitating. If this concern dominates the SFR-
Ṁg relationship, then we expect to see evidence that larger BCG starbursts are
younger on average. In RXJ1532, we see evidence connecting the durations of
star forming knots and filaments to the duration of AGN activity (as evidenced
by estimates of the ages of X-ray cavities in this system), although a more de-
tailed study of multiple systems will be necessary to establish whether or not
there is a relationship between burst age, SFR, and low-entropy ICM gas.
2.6 Conclusion
We have conducted a detailed analysis of the star forming structure in the
BCGs in the CLASH X-ray selected sample of galaxy clusters. Using the rich
set of CLASH photometry, we estimated the dust reddening in BCGs with sig-
nificant UV emission and calculated reddening corrected mean UV luminoisi-
ties and Hα+[N II] luminosities. We compared these measurements to obser-
vations of [O II] and Hβ taken using the Goodman spectrograph. Additionally,
we compared the UV derived SFR to X-ray properties calculated using the AC-
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CEPT catalog, including the core entropy, K0, and predicted cooling rates for
low entropy gas inside r = 35 kpc (Ṁg,r35) and inside radii where tcool/tff = 20
(Ṁg,t20). We concluded our analysis by creating a resolved map of the starburst
in RXJ1532.9+3021, for which we also have an SDSS spectrum and detailed
X-ray data from Hlavacek-Larrondo et al. (2013b).
Using measurements of [O II], [O III], and Hβ lines in conjunction with
broadband Hα+[N II] estimates, we constructed diagnostic diagrams for the
CLASH BCGs in order to constrain the line-emission power source in these
galaxies. Line emission in CLASH BCGs are powered by a combination of star
formation and a LINER-like source (possibly the signature of hot, young stars
or interaction between the ICM and nebular gas), while the biggest starburst
(MACS1931) has a line emission spectrum dominated by ongoing star forma-
tion.
CLASH SFRs span a range of magnitudes up to & 100 M yr−1, and signifi-
cant, extended star formation occurs in 10 out of 20 BCGs in our sample. Based
on comparisons with K0 and Ṁg, we establish a link between the star forma-
tion in the BCG and the state of the surrounding ICM. All of the star forming
BCGs with an SFR > 10 M yr−1 are consistent with a ∼ 30 keV cm2 entropy
threshold, and a trend exists between SFR and Ṁg. These findings imply SFR
is fueled by a reservoir of low entropy gas.
SED analysis of RXJ1532.9+3021 reveals a long-lived starburst, with a log
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lifetime of 8.8±0.5 log10yr, and a total star formation rate of 118+215−42 M yr−1,
which is consistent with our estimates from UV and Hα luminosities. The
overall burst timescale is much longer than the AGN on-cycle as inferred by
the ages of AGN cavities in the ICM of this cluster, although several of the
individual filaments are consistent with the ∼ 60 − 80 Myr cavity refill times.
These results are consistent with recent jet-triggered filaments super-imposed
on an older long-lived starburst, which may have been the result of jets from
previous AGN on-cycles. The burst history in RXJ1532 is also consistent with
another study of stellar populations by Liu et al. (2012b) conducted on SDSS
BCGs, so we hypothesize that in upcoming work we will find similar evidence
for sporadic starbursts corresponding to episodes of AGN activity.
The SFH of knots and filaments in RXJ1532 suggest a jet-induced precipita-
tion scenario such as Li et al. (2015) is responsible for converting the ICM into
cold, starforming gas. If true for all CLASH BCGs, this mechanism would ex-
plain the relationship between the thermodynamic state of the ICM surround-
ing CLASH BCGs and the SFRs in the BCGs. The increasing ‘efficiency’ of
BCG SFRs relative to the cooling rates implied by Ṁg as a function of SFR is
plausibly explained by this scenario, as well.
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2.7 Appendix
This appendix includes the details of the parameter space chosen to fit the
photometry of RXJ1532.9+3021 to a distribution of model SEDs. We describe
the parameterization of the SFH, along with the parameter space we defined.
Finally, we describe the consistency tests performed on fitting the CLASH SED.
For the 16 band SEDs we construct using all the available bands of CLASH
photometry, we used the Salpeter (1955) IMF and Bruzual & Charlot (2003)
SSP. The SFH we fit consists of a uniform starburst imposed on a background












tage − t ≤ ∆tb
0 tage − t > ∆tb
(2.5)
ψnet (t) = ψe (t) + ψb (t) , (2.6)
which is a variant of the SFH described in Moustakas et al. (2013). ψe is the
SFH for the background early-type population of stars, which is parameterized
by the time constant τ . ψb is the burst SFH, and it is parameterized by the
burst lifetime ∆tb and the fractional burst amplitude Fb. Our SFH consists of
one burst for simplicity.
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We allowed the age of the galaxy to vary between 6 and 9.5 Gyr, and we




the age of the BCG, thereby ensuring that
the background population corresponds to a quiescent, early-type galaxy. We
allowed the metallicity of the stellar population to vary between 0.04 Z and
1.6 Z, and the dust attenuation AV to vary between 0 and 5 mag. In order to
sample a wide range of possible burst histories, we sampled burst parameters
logarithmically, selecting ∆tb in the range -3 ≤ log∆tb [Gyr] ≤ 0.8, and Fb in the
range -2 ≤ logFb ≤ 1.0. This parameter space is summarized in Table A1. We
drew 104 models from this parameter space for each SED we fit to.
Table 2.5





tage [6, 9.5] Gyr
τ [0.05, 0.2] tage
Metallicity [0.04, 1.6] Z
AV [0.0, 5.0] mag
log [O III]/Hβ [-0.5, 0.5] dex
log ∆ tb [-3.0, 0.8] log Gyr
log Fb [-2.0, 1.0] dex
a Bruzual & Charlot (2003)
b Salpeter (1955)
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2.7.1 SED Fitting Consistency Checks
The equivalent width of [N II]+Hα, EW([N II]+Hα), is exquisitely sensitive
to the SFH of a galaxy, since it is a measure of the ratio of an SFR indicator
to the red continuum (Kennicutt, 1998; Leitherer, 2005). Since this value was
measured directly by SDSS, and our model SEDs predict line strengths, we
can compare the best fit EW([N II]+Hα) for the CLASH SED with the SDSS
measured value. This in turn indicates how reliable our estimate of the burst
duration is.
















Figure 2.17 We plot the distribution in ∆ tb and EW([N II]+Hα) for all the mod-
els gridded in the parameter space summarized in Table A1. Each point cor-
responds to the values of these two parameters for each individual model, and
the vertical line denotes 269.3 Årest, the SDSS measured EW. This plot reveals
a densely populated trend tracing out a curve of decreasing burst lifetimes as
a function of EW, with a wider, more sparsely populated envelope.
We perform this comparison by fitting the SED of fluxes extracted in a 3′′
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diameter aperture centered on the coordinates of the SDSS fiber used to take
spectra of RXJ1532. Our predicted EW([N II]+Hα) = 269±120 Årest, which
matches the SDSS measurement of 269.3±2.4 Årest. The probability distribu-
tion we recover also shows that the burst duration (∆tb) is log∆tb = 8.8±0.5 [yr]
and burst mass (Mb) is log Mb = 10.83 ± 0.35 [M]. The overlap between the
SDSS fiber and the observable UV structure in RXJ1532 is substantial, so it is
not surprising that we recover the same burst history and burst mass for this
SED as the SED fit in the Results.
As shown in Figure 2.17, ∆tb is highly dependent upon the equivalent width.
The sensitivity of the equivalent width to the burst history makes it straight-
forward to constrain a relatively narrow range of burst durations for the model
SED. The agreement between the spectral equivalent width and our SED fit
value is important because it shows that the Hα+[N II] feature is detected
strongly enough in the CLASH photometry that a meaningful constraint on
the burst history can be made with it.
We used iSEDfit to fit only the three bands of WFC3/UVISIS photome-
try that were used to estimate LUV , and show that the results agree with our
broadband estimates. We fit photometry extracted from the region used to
calculate LUV and assumed fit parameter constraints that are consisent with
Kennicutt (1998). For this step, we assumed the metallicity in the stellar popu-
lation is 1 Z, that the observed age of the BCG, tage, is at least 6 Gyr, and that
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the decay timescale for the SFH, τ , is 100 Gyr in order to force a continuous
SFR model. We also assume a Salpeter (1955) IMF, Bruzual & Charlot (2003)
SSP, and a Calzetti et al. (2000) reddening law.
Using this method, we calculated an SFR of 99±24 M yr−1, and an average
reddening of E(B-V) = 0.26 ± 0.04. As before, the SFR PDF is log-normal and
we report the mode of the distribution. This result is consistent with the UV
photometry results. The agreement implies that while taking a single-aperture
SED fit washes out the correlation seen between the spatial distribution of the





Brightest Cluster Galaxy Star
Formation and the Intracluster
Medium in CLASH
Abstract
We study the nature of feedback mechanisms in the 11 CLASH brightest
cluster galaxies (BCGs) that exhibit extended ultraviolet and nebular line
emission features. We estimate star formation rates (SFRs), dust masses,
and starburst durations using a Bayesian photometry-fitting technique
that accounts for both stellar and dust emission from the UV through far
IR. By comparing these quantities to intracluster medium (ICM) cooling
times and free-fall times derived from X-ray observations and lensing es-
timates of the cluster mass distribution, we discover a tight relationship
between the BCG SFR and the ICM cooling time to free-fall time ratio,
tcool/tff , with an upper limit on the intrinsic scatter of 0.15 dex. Fur-
thermore, starburst durations may correlate with ICM cooling times at
a radius of 0.025R500, and the two quantities converge upon reaching the
Gyr regime. Our results provide a direct observational link between the
thermodynamical state of the ICM and the intensity and duration of BCG
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star formation activity, and appear consistent with a scenario where ac-
tive galactic nuclei (AGN) induce condensation of thermally unstable ICM
overdensities that fuel long-duration (> 1 Gyr) BCG starbursts. This sce-
nario can explain (a) how gas with a low cooling time is depleted without
causing a cooling flow and (b) the scaling relationship between SFR and
tcool/tff . We also find that the scaling relation between SFR and dust mass
in BCGs with SFRs < 100 M yr−1 is similar to star-forming field galaxies;
BCGs with large (> 100 M yr−1) SFRs have dust masses comparable to
extreme starbursts.
3.1 Introduction
The brightest cluster galaxy (BCG) in the center of the Perseus cluster,
NGC1275, was long known to be an emission-line system with ionized hydro-
gen gas spanning ∼ 100 kpc (Lynds, 1970). While BCGs are typically quiescent
systems, the correlation of emission-line BCGs inside so-called “cooling flow”
clusters was noted by the early studies of X-ray clusters and the optical spec-
tra of their BCGs (e.g. Heckman, 1981; Cowie et al., 1983; Hu et al., 1985;
Johnstone et al., 1987). Such clusters, more recently termed “cool core” clus-
ters since their central gas X-ray temperatures are somewhat cooler than their
outskirts, have highly peaked central X-ray surface brightness profiles arising
from relatively high central gas densities. Initially, it was thought that since
the cooling time for this gas (the ratio of the thermal energy content to the ra-
diative loss rate) was short compared to the Hubble time, that such gas would
cool, lose pressure, and gradually allow more gas to settle into the center of
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such a cluster: a “cooling flow”. The rates inferred were 100-1000 M yr−1 in
some cases (see, e.g. Fabian (1994) for a review). Subsequent high-resolution
X-ray spectroscopy from XMM-Newton convincingly showed that this simple
model was incorrect (e.g. Peterson et al., 2003; Peterson & Fabian, 2006). Nev-
ertheless, observations of the BCGs in samples of X-ray luminous galaxy clus-
ters have revealed that in up to 70% of cool-core clusters, the otherwise quies-
cent elliptical BCG shows signs of ultraviolet and nebular line emission. This
emission, in some cases, is consistent with star formation rates (SFRs) on the
order of 100 M yr−1 (e.g. McNamara & O’Connell, 1989; Crawford et al., 1999;
Edwards et al., 2007; Donahue et al., 2010). This activity is observed to be re-
lated to the presence of low entropy intracluster gas (the intracluster medium,
or ICM) in the cluster core. Since low-entropy ICM gas has a short cooling
time, this correlation suggests that the observed star formation is fueled by
cold gas that has condensed from a hot gas reservoir, however at a far gen-
tler rate than the simple cooling flow model predicted (Rafferty et al., 2006,
2008; Cavagnolo et al., 2008, 2009; McDonald et al., 2010; Hoffer et al., 2012).
One viable source of heat replacing energy lost via radiative cooling is energy
injected by active galactic nuclei (AGN) into the ICM. The mechanical work in-
dicated by the size and ICM gas pressure surrounding X-ray cavities filled by
radio-emitting plasma demonstrates that there is sufficient energy to counter
radiative cooling (Rafferty et al., 2006; McNamara & Nulsen, 2007; Fabian,
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2012; McNamara & Nulsen, 2012).
There is a growing body of evidence supporting AGN feedback-driven pre-
cipitation and condensation as being responsible for balancing heating and
cooling in cool-core galaxy clusters. AGN jet feedback is thought to inject en-
ergy into the ICM, thus offsetting cooling while also triggering condensation of
thermodynamically unstable volumes of ICM plasma, which then precipitate
onto the BCG and fuel star formation and further AGN activity (Voit et al.,
2015; Voit & Donahue, 2015; Li & Bryan, 2014; Li et al., 2015; Gaspari et al.,
2012, 2013, 2015; Fogarty et al., 2015; Gaspari et al., 2016; Prasad et al., 2015;
Yang & Reynolds, 2016; Meece et al., 2016). Recently, the precipitation aspect
of this model was shown to be consistent with observations of molecular gas
accretion onto the AGN in the Abell 2597 BCG (Tremblay et al., 2016). The
morphologies of UV and nebular emission structures in observed BCGs in cool
core clusters (e.g. Donahue et al., 2015; Tremblay et al., 2015) are reproduced
in simulations of AGN feedback-regulated condensation and precipitation in
low-entropy ICM gas (Li et al., 2015; Gaspari et al., 2017). Furthermore, sub-
millimeter observations of cool core clusters reveal reservoirs of as much as
∼ 1011 M of molecular gas (Edge et al., 2002; O’Dea et al., 2008; Russell et al.,
2016). The picture that is emerging is one of a complex feedback-driven interac-
tion between the BCG and ICM in the cluster core which produces substantial
gas condensation but suppresses runaway ICM cooling.
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The condensation model follows thermal instabilities that are both trig-
gered and regulated by AGN feedback. In this model, the hot ICM gas is near
hydrostatic equilibrium with the gravitational potential, and the gas entropy
at large cluster-centric distances is governed by cosmological processes. At
very small radii close to the central AGN, the gas can develop a nearly flat en-
tropy profile that allows thermal instabilities to rapidly grow. However, Meece
et al. (2016) showed that even a modest fraction of AGN feedback in the form
of mechanical jets can transport energy beyond the region local to the AGN.
Rather than resulting in unphysical catastrophic cooling, such systems can
self-regulate. The resulting entropy profile within 5-10 kpc of the simulated
AGN with jet feedback is somewhat shallower than in the outer parts of the
cluster, but condensation of low-entropy inhomogeneities which have been up-
lifted to greater altitudes can produce multi-phase structure at radii larger
than 10 kpc (Meece et al., 2016; Voit et al., 2017). Key to this model is the pre-
diction that ICM plasma with a cooling-to-freefall time ratio (tcool/tff ) . 10 is
sufficiently unstable that jets trigger condensation. Supporting this prediction
are observations indicating that tcool/tff ≤ 20 in the center of a galaxy cluster
is a good predictor of BCG activity (Voit & Donahue, 2015; Voit et al., 2017). In
simulations, material will condense out of the ambient ICM when tcool/tff . 10
locally (Li & Bryan, 2014; Li et al., 2015).
Alternatively, McNamara et al. (2016) posit that most cold molecular gas
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condenses in the vicinity of BCGs when AGN jets uplift low entropy plasma
from within the BCG to high enough radii for the plasma to condense. In this
scenario, jet uplifting can cause core plasma to condense if drag prevents it
from sinking back to its original altitude in a time shorter than the cooling
time of the gas. Observations of massive (up to 1010 M) flows of molecular gas
with velocities of several hundred km s−1 in cool core clusters such as Abell
1835 and Abell 1664 suggest that this mode of condensation and precipitation
plays an important role in AGN-regulated feedback (McNamara et al., 2014;
Russell et al., 2014). Both condensation due to uplifting and condensation in
the ambient ICM in a cluster core are studied in models of cluster-scale feed-
back (Li et al., 2015; Gaspari et al., 2016; Voit et al., 2017).
Molendi et al. (2016) propose a possible scenario where star formation in
BCGs lags behind cooling by up to a Gyr, owing to molecular gas in the envi-
rons of the BCG forming stars at only a few percent efficiency, as one possible
explanation for the presence of star forming BCGs in the absence of cooling
flows. This scenario can explain relationships between BCG SFRs and the
thermodynamical state of the ICM, but would imply that the density and tem-
perature of the hot ICM in the vicinity of the BCG is related to the amount of
gas that had cooled in a previous cooling phase.
In this paper, we analyze the spectral energy distributions of the UV-luminous
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BCGs in the full X-ray selected cluster sample from the CLASH1 program. Our
aim is to explore physical connections between BCG star formation activity
and the properties of the surrounding ICM and constrain models for possi-
ble mechanisms of condensation in the ICM. We take full advantage of deep,
multi-band imaging of the relatively uniform and massive sample of galaxy
clusters observed by CLASH, and we are able to reveal relationships that may
have previously been confounded by analyses of less deeply observed and/or
less uniform samples. Specifically, by studying the BCGs of cool-core clusters
in CLASH, we explore how cooling and thermal instability timescales (tcool and
tcool/tff ) in the ICM may relate to BCG star formation.
This chapter is structured as follows: in Section 3.2 we describe the obser-
vational data set used to construct the spectral energy distributions (SEDs) for
the 11 active CLASH BCGs studied in this sample. In Section 3.3, we describe
constructing and fitting UV-through-FIR SEDs, as well as the X-ray derived
parameters we use to study the ICM. In Section 3.4 we present our results,
which we discuss in Section 3.5. We summarize our conclusions in Section 3.6.
Throughout our analysis we adopt a ΛCDM cosmology with Ωm = 0.3, ΩΛ = 0.7,
H0 = 70 km/s/Mpc, and h = 0.7.
1Cluster Lensing And Supernova survey with Hubble
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3.2 Observations
The near UV through far IR SEDs in this paper are based on photometry
from the CLASH HST data set in combination with mid- and far-IR data from
Spitzer and Herschel. X-ray data used for measuring the temperature, density
and metallicity profiles of the ICM were taken from the Chandra archive.
3.2.1 HST: UV through near IR photometry
A detailed summary of the science-level data products for CLASH may be
found in Postman et al. (2012). For the 11 X-ray selected clusters with evi-
dence of BCG star formation activity, we used the CLASH photometric data
set covering 16 filters spanning from ∼2000-17000 Å in the observer frame.
We used drizzled mosaics with a 65 milliarcsecond pixel scale, the same im-
age data used in Fogarty et al. (2015). These data are publicly available via
MAST HLSP 2. Drizzled mosaics were constructed using the MosaicDrizzle
pipeline (Koekemoer et al., 2011). In keeping with our previous work, we cal-
culated a single Milky Way foreground reddening correction for each BCG in
each filter using the Schlegel et al. (1998) dust maps. Our drizzled images are
background corrected using an iterative 3-sigma clipping technique. Owing to
additional uncertainty in the flat-fielding of WFC3/UVIS photometry over large
2https://archive.stsci.edu/prepds/clash/
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spatial scales, discussed in Fogarty et al. (2015), the median flux measured in
an annulus around each BCG was subtracted from each of the UV filters as
well.
3.2.2 Spitzer: mid-IR photometry
Spitzer/IRAC 3.6 µm and 4.5 µm mosaicked observations and catalogs are
available for all of the BCGs studied in this paper, and 5.7 µm and 7.9 µm
observations are available for Abell 383, MACS1423.8+2404, and RXJ1347.5-
1145. Fluxes for Spitzer IR sources in the CLASH fields were taken from the
publicly available CLASH/Spitzer catalog 3. We describe aperture selection
and our method for correcting for crowded fields in the Spitzer photometry in
Section 3.3.1.
Photometry for each channel was measured on mosaic images generated
using the MOPEX software package. The default MOPEX settings for the catalog
use the 3.6 µm channel, and use the fiducial image frame for this channel to
generate the mosaics for longer wavelength IRAC channels for each CLASH
cluster. The Spitzer mosaic images have a pixel scale of 0.6 arcseconds. Flux
values were obtained with Source Extractor in double-image mode using
MOPEX weights (Bertin & Arnouts, 1996). The Source Extractor-generated
catalogs consist of aperture photometry for sources in fixed-diameter apertures
3http://irsa.ipac.caltech.edu/data/SPITZER/CLASH/
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ranging from 2 to 40 pixels. Full details about the parameters used with MOPEX
and Source Extractor to generate the CLASH catalog are given in the on-
line documentation4.
3.2.3 Herschel: far-IR photometry
We used archival data from Herschel/PACS (100 µm, 160 µm) and Her-
schel/SPIRE (250 µm, 350 µm, and 500 µm) to extend BCG photometry into
the far-infrared. Table 3.1 details the observations used and their exposure
times. We obtained level 2 archival data using the Herschel Science Archive
reduction pipeline for SPIRE observations and the HSA MADMAP reduction
pipeline for PACS observations. Observations were co-added and photomet-
ric parameters were measured using the HIPE software package. We describe
Herschel aperture selection and background subtraction in Section 3.3.1.
3.2.4 Chandra: X-ray Observations
Chandra data exists for all CLASH clusters, with exposure times for in-
dividual observations ranging from 19.3 ks (for Abell 383) to 115.1 ks (for
MACS1423.8+2404). These data were assembled in Donahue et al. (2014) to
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Table 3.1 Herschel Observations
Instrument Observation ID Exposure Time
BCG (seconds)


















MACS1423.8+2404 PACS 1342188215 9850
1342188216 9850
SPIRE 1342188159 6636








MS2137−2353 PACS 1342187803 9850
1342187804 9850
SPIRE 1342195938 5786
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the ICM in the environs of each BCG. We also examine the archival data for
evidence of X-ray loud AGN, in order to determine whether it is important to
consider AGN emission models in our SED fits. We found evidence for only one
X-ray loud AGN, in the cluster MACS1931.8-2635. The AGN classification is
based on the presence of a Chandra point source, with a spectrum showing ev-
idence for hard X-ray (>5 keV) emission over that expected from hot gas with
kT ∼ 5− 7 keV.
3.3 Methods
In Fogarty et al. (2015), we identified 11 BCGs in the CLASH X-ray selected
sample with evidence of ongoing star formation. In each of these BCGs, we de-
tected extended UV emission in WFC3/UVIS photometry and extended Hα +
[N II] emission by differencing ACS images. The extended UV and line emis-
sion features were shown in Donahue et al. (2015) and Fogarty et al. (2015) to
be the site of nebular emission and star formation. These 11 BCGs form the
star-forming BCG sample we study in this paper.
3.3.1 BCG Photometry
We constructed multi-instrument UV-through-IR SEDs for the UV-bright
filamentary features in each UV-luminous CLASH BCG. Since we are inter-
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ested in measuring the star formation properties of the BCGs, for the Hubble
UV through near-IR photometry we extracted flux from within the apertures
described in Fogarty et al. (2015) (apertures for each BCG are shown in Figure
3 in that paper). These apertures were selected to encompass the region in each
BCG exhibiting a UV luminosity of 7.14 × 1024 erg s−1 Hz−1 pix−2, correspond-
ing to a star formation surface density of ΣSFR ≥ 0.001 M yr−1 pix−2, after
accounting for dust reddening. Measuring fluxes in these apertures maximizes
the contribution made by the recently formed stellar population to the SED,
while it minimizes the contribution made by the passive stellar population in
the bulk of the BCGs. Our procedure for measuring fluxes minimizes the risk
of underestimating dust attenuation in the star forming regions of the BCGs
since we are not averaging dust attenuation over the dusty star-forming and
relatively dust-free quiescent parts of the galaxy. We do not match the Hubble
point spread functions (PSF) since the photometric aperture sizes we use are
much larger than the sizes of the PSFs for the HST passbands.
Estimating mid-IR fluxes using Spitzer was more complicated, since star-
forming features are not well resolved spatially in Spitzer photometry. We
measured IR fluxes from Spitzer in apertures in the CLASH/Spitzer catalogs
that were selected to encompass the BCG while minimizing inclusion of satel-
lite galaxies. Both the old stellar population and dust emission (primarily in
the form of PAH features) contribute significantly to the flux in these filters.
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Since the angular resolution of Spitzer (> 1.45 arcsec) is insufficient to resolve
the star forming features we wish to study, we needed to subtract the con-
tribution made by old stellar light from outside our Hubble apertures to the
Spitzer IR fluxes. We accomplished this by first measuring the HST/WFC3
F160W flux in the region covered by the Spitzer apertures but not the Hubble
apertures. We assumed this flux is due entirely to old stellar light, and esti-
mated (IRAC-F160W) color by modeling old stellar populations experiencing
dust attenuation ≤ 0.5 AV using the Bayesian SED fitting algorithm iSEDfit
(see Section 3.3.2 for details) for each BCG. We used these colors to scale the
F160W fluxes corresponding to the old stellar population outside the Hubble
apertures to Spitzer IRAC fluxes and subtracted these scaled fluxes from our
Spitzer photometry. The resulting Spitzer IRAC photometry corresponds to the
fluxes in the Hubble apertures. An example pair of Spitzer and Hubble aper-
tures is shown in Figure 3.1.
We note that H2 vibrational modes and other near-IR emission lines have
been detected between 5-25µm in star-forming BCGs (Donahue et al., 2011).
However, contamination from emission lines similar to those observed in Don-
ahue et al. (2011) would only contribute a few percent to the mid-IR fluxes
derived for the stellar and dust emission in star forming regions, while the
uncertainties on these fluxes after subtracting the excess old stellar light com-
ponent is & 20%. Therefore, we do not attempt to estimate the contribution of
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Figure 3.1 The UV-bright Hubble aperture and Spitzer photometric aperture
for RXJ1532.9+3021 are shown on logarithmically scaled F160W band pho-
tometry of the cluster. The Spitzer aperture encompasses the Hubble aperture,
and includes flux from the old stellar population in the BCG as well as contam-
inating light from nearby early-type satellite galaxies that needs to be modeled
and subtracted to estimate the mid-IR flux within the Hubble aperture.
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these lines to the Spitzer mid-IR photometry.
We extracted Herschel PACS and SPIRE photometry from archival data us-
ing the HIPE software package. Since Herschel bands are dominated by dust
re-emission of UV flux, we assumed that all of the Herschel flux in each BCG
comes from the star forming features. We measured photometry in circular
apertures large enough to cover the PSF of each Herschel filter. Aperture radii
were chosen to be 8”, 12” , 18” , 24” , and 36” for the 100 µm, 160 µm, 250
µm, 350 µm, and 500 µm filters respectively. To obtain fluxes we took the mean
of pairs of cross scans, while we estimated uncertainties using the difference
between scans. For each Herschel band, we found typical uncertainties on the
order of . 2% for the PACS filters and ∼ 10% for the SPIRE filters. Since the
BCGs occupy crowded fields, we measured crowded source backgrounds in an-
nuli centered on the BCG with inner radii of 16”, 24”, 36”, 48”, 72” for the
respective PACS and SPIRE filters and outer radii of 180”.
3.3.1.1 Photometric Errors
Error budgets for the fluxes in our SEDs include uncertainty from count-
ing statistics, systematic uncertainties from weight maps (produced as output
from Drizzling in the case of the Hubble data and provided by the level 2 data
pipeline in the case of the Herschel PACS and SPIRE data), and the absolute
calibration uncertainty for each instrument. In the case of the Spitzer IRAC
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data, the total counting and formal systematic uncertainties are available in
the CLASH/Spitzer catalogs from the fluxes and MOPEX weight maps (see Sec-
tion 3.2.2). Calculating uncertainties for the mid-IR fluxes obtained using
Spitzer IRAC photometry required propagating the additional uncertainty
involved in estimating and subtracting the excess old stellar light component
from the mid-IR photometry.
Source confusion noise is an important component of the error budget for
SPIRE detections (Nguyen et al., 2010). We incorporate confusion noise terms
of 5.8 µJy, 6.3 µJy, and 6.8 µJy from Nguyen et al. (2010) into our estimates
of the uncertainty on SPIRE 250 µm, 350 µm, and 500 µm fluxes respectively.
In bands where we do not detect significant flux from the BCG, we use the
confusion and instrument noise estimates computed in Nguyen et al. (2010) to
estimate 3σ upper limits.
For HST ACS and WFC3 data, we included a 5% total absolute and rela-
tive calibration uncertainty in our error budget. For the ACS and WFC3/IR
filters, the absolute calibration is the dominant term in the overall error bud-
get. Since several of the early CLASH WFC3/UVIS observations were affected
by non-uniform flat-fielding at large (hundreds to thousands of pixels) scales,
we calculated the scatter in identical apertures placed in empty patches of sky
for each UV observation. This extra uncertainty component in the WFC3/UVIS
error budget is in most cases similar to the absolute calibration uncertainty, al-
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though for several filters with only faintly detected BCG UV emission it is the
main source of uncertainty.
We adopted an additional 3% uncertainty for the Spitzer IRAC fluxes, and
10% uncertainty for Herschel PACS and SPIRE fluxes. The 3% figure accounts
for the absolute flux calibration uncertainty in Spitzer (Reach et al., 2005).
For Herschel, we incorporate the absolute calibration uncertainty (∼ 5%), the
relative calibration uncertainty (∼ 2%), and allow for an additional factor of
∼ 2 applied to the systematic uncertainty to account for the fact that we are
measuring the fluxes of marginally extended sources and that our method of
estimating the uncertainty in the Herschel images may underestimate the un-
certainty (Griffin et al., 2013; Balog et al., 2014).
For most of the BCGs, the error budget for the Hubble photometry is domi-
nated by the absolute calibration uncertainty, the Spitzer error budget is domi-
nated by the uncertainty from modeling and subtracting the old stellar excess,
the Herschel PACS uncertainties are dominated either by counting statistics
or the calibration, and the Herschel SPIRE uncertainties are dominated by the
calibration uncertainty or the confusion noise.
3.3.2 SED Fitting
We fit SEDs for the CLASH BCGs using the Bayesian fitting code iSEDfit
(Moustakas et al., 2013). In order to take full advantage of the CLASH UV-FIR
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observations, we incorporated modifications to iSEDfit to account for emis-
sion from dust. The iSEDfit package fits SEDs by first generating a grid of
parameters that describe models of dust–attenuated stellar emission by a com-
posite stellar population. Grids are produced by randomly sampling a bounded
section of parameter space. The sampling is weighted with either a uniform
prior or a logarithmic scale prior. With these parameters, iSEDfit constructs
a grid of model spectra given a choice of synthetic stellar population (SSP),
initial mass function (IMF), and dust attenuation model. The package then
computes synthetic photometry by convolving these model spectra with the fil-
ter responses of the CLASH SEDs, and uses this grid of synthetic SEDs to
sample the posterior probability distribution that the model stellar population
and dust parameters produce the observed SED.
The iSEDfit package uses a Bayesian Monte Carlo approach to estimate
probability distributions for model parameters. For each BCG, we constructed
a model grid consisting of 20000 models. The likelihood and mass scaling A of








where Fi and σi are the SED fluxes and uncertainties, and Mi are the model
fluxes. The minimum χ2 and A are found by solving for ∂χ2/∂A = 0. We
obtained a posterior probability distribution for the models using a weighted
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random sampling of the model grid, where model weights were determined
by the likelihoods. Posterior probability distributions for individual physical
parameters were obtained by taking the distribution of parameters of the sam-
pled models. For the SFR, the posterior consists of the distribution of the in-
stantaneous normalized SFR determined by the parameterized star formation
history, multiplied by A. For a detailed discussion of iSEDfit, see Moustakas
et al. (2013).
We model the star formation history of each BCG with an exponentially
decaying curve (the early-type population) and a super-imposed exponentially
decaying burst at recent times. The initial exponentially decaying curve is pa-
rameterized by the age of the BCG t and the decay rate of the curve τ , while the
exponentially decaying burst is parameterized by the duration of the starburst
∆tb, the decay rate of the burst, and the mass of the burst relative to the old
stellar population (see Figure 3.2). The bounds on parameter space for the en-
tire model and assumptions we made for the BCG stellar populations are given
in Table 3.2.
We modified the SED–fitting routine to incorporate dust emission models
from Draine & Li (2007) into the parameter grid and synthetic spectra used
in iSEDfit. The dust parameter space was sampled using bounds and priors
given in Table 3.2. For each synthetic spectrum, the total luminosity of the
dust spectrum was normalized by the difference between the un-attenuated
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Figure 3.2 A schematic of the double-exponential star formation history
adopted in this paper. The solid line shows the SFR as a function of time. The
horizontal line under the lower-right part of the x-axis depicts the starburst du-
ration ∆tb, which is the amount of time since the onset of the BCG starburst.
The area under the curve is equal to the total mass of stars formed by the BCG,
and the portion of the area highlighted with hatching is the contribution of the
starburst to the BCG stellar mass.
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Figure 3.3 An example synthetic spectrum produced by our modified version
of iSEDfit. The dashed line shows the model stellar emission spectrum in
the absence of dust. The solid line shows the model spectrum after the stellar
emission has been absorbed by dust obeying a modified Calzetti et al. (2000)
attenuation law and re-emitted in the far-IR.
and attenuated stellar spectrum. Figure 3.3 shows an example of the synthetic
attenuated stellar plus dust spectrum, and the Appendix shows best-fit syn-
thetic spectrum for each BCG.
With our modified version of iSEDfit, we were able to test multiple stellar
population and dust attenuation models in order to examine the dependence
of our results on the choice of SSP, IMF, and attenuation law. We adopt a
Bruzual & Charlot (2003) SSP, the Salpeter (1955) IMF defined over the in-
terval 0.1-100 M, and the Calzetti et al. (2000) attenuation law. We chose
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to adopt a Salpeter (1955) IMF in order to produce SFRs consistent with the
SFRs estimated in our previous paper using the Kennicutt (1998) relationship.
In order to examine the effect of an AV-dependent attenuation curve, we also
performed fits using a modified Calzetti attenuation law, where we multiplied
the Calzetti curve with an attenuation-dependent slope that matches the at-
tenuation dependence of the curves published in Witt & Gordon (2000). To test
if our results have any dependence on our choice to adopt a Calzetti attenuation
law, we also ran iSEDfit assuming clumpy SMC-like dust in a shell geometry.
We found our results to be largely consistent with results using the regular
Calzetti curve, as well as the attenuation-dependent version of the Calzetti
curve. This is because, in the typical CLASH BCG, the attenuation is AV . 1.0,
where overall attenuation dependence on the shape of the curve has a only a
modest effect. As a further test of the model dependence of our results, we
performed SED fits assuming a Chabrier (2003) IMF. Altering the IMF shifts
the SFRs downwards by 0.25 dex, but otherwise does not significantly alter the
stellar and dust parameters we seek to measure (∆tb, Md, AV).
3.3.3 Cooling and Freefall Time Profiles
We calculated radial profiles of the cooling time, defined to be the ratio of
the thermal energy density to the rate of radiative energy density loss for an
optically thin plasma undergoing Bremsstrahlung emission, for each cluster
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Table 3.2 SED Fitting Parameters
Stellar Population Model
Synthetic Stellar Population Bruzual & Charlot (2003)
Initial Mass Function Salpeter (1955)
Attenuation Law Calzetti et al. (2000)
Dust Emission Draine & Li (2007)
Minimum Maximum Sampling
Model Parameter Space Constraints Value Value Interval
Old Stellar Population
Age, t 6 Gyr zaAge Linear
Decay Rate, τ 0.05t 0.2t Linear
Metallicity 3× 10−2Z 1.5Z Linear
Burst Population
Burst Duration, ∆tb 10−2 Gyr 5.0 Gyr Logarithmicb
Burst Decay Percentage 0.01 0.99 Linear
Relative Burst Mass, FBURSTc 0.0016 6.4 Logarithmic
Dust Parameters
Attenuation AV 0 2 Linear
PAH Abundance Index qPAH 0.10 4.58 Lineard
γe 0.0 1.0 Linear
Uemin 0.10 25.0 Logarithmic
Uemax 10
3 107 Logarithmic
a ZAge is the age of the universe at redshift the BCG redshift Z.
b Burst parameters were sampled logarithmically, since their qualitative effect on the model
SED of the galaxy occurs on order-of-magnitude scales. The exception to this is the burst
decay percentage, which is one minus the amplitude of current star formation activity relative
to the amplitude of the burst ∆tb yr ago.
c Mass of stars created by the starburst at t relative to the mass of stars created by the
exponentially decaying old stellar population at t. The burst mass percentage is calculated by
FBURST/(1+FBURST).
d Draine & Li (2007) model parameters sampling intervals were chosen based on the model
parameter distributions of the template spectra.
e The Draine & Li (2007) treats dust in a galaxy as consisting of two components. The first
component consists of a fraction γ of the dust is exposed to a power law distribution of
starlight intensity, ranging from Umin to Umax, while the second component consists of the
remainder of the dust, and is only exposed to a starlight intensity Umin. U is defined to be the
intensity of starlight relative to the local radiation field, and Umin and Umax are bounds on the
distribution of U .
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(3.2)
where kB is the Boltzmann constant, n (r) is the total number density profile of
the plasma, nH (r) is the H number density, ne (r) is the electron number den-
sity, T (r) is the temperature profile, Z (r) the metallicity profile, and Λ (T, Z)
is the cooling function. We obtained values of the cooling function for specific
temperatures and metallicities by interpolating the cooling function values in
Sutherland & Dopita (1993), and assumed n ≈ 2.3nH (Cavagnolo et al., 2009).
The ICM density, temperature, and metallicity profiles used in this study are
available in Donahue et al. (2014). We used the non-parametric Joint Analysis
of Cluster Observations (JACO) profiles (see Mahdavi et al. (2007) and Mah-
davi et al. (2013) for a description of the JACO algorithm), which are reported
in concentric shells spaced so that each annulus contains at least 1500 X-ray
counts.
We measured tcool at specific radii by interpolating on ne (r), T (r), and Z (r)
at the desired radius and solving Equation 3.2. In order to determine the un-
certainty on tcool we produced an ensemble of 1000 ne, T , and Z profiles, where
the values in each profile were obtained by drawing from normal distributions
defined by the observed values and uncertainties in each profile. By calculat-
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ing the distribution of tcool given the interpolated values of ne, T , and Z for the
ensemble of profiles, we sampled the probability distribution of tcool and thus
estimated uncertainties. We constrained the ensemble of metallicity profiles
to only allow values of Z in the range 0.15− 1.5Z, since ICM metallicities are
typically 0.3Z and tend to be & 0.6 − 0.8Z in the centers of cool core clusters
(De Grandi et al., 2004).
We calculated freefall times by assuming cluster masses obey an NFW pro-
file (Navarro et al., 1997). NFW mass concentration parameters and values
of M200 were obtained from Merten et al. (2015a). We computed the enclosed
mass for each cluster as a function of radius,













where ρ0 and rs are NFW scale factors determined by the mass and concen-
tration parameter of the galaxy cluster, as well as the critical density at the






We estimated the contribution of BCG stellar mass to the free-fall time us-
ing the Cooke et al. (2016) stellar mass estimates of CLASH BCGs. We did
not estimate BCG stellar masses with our SED fits since our photometry does
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not cover the entire extent of the BCG. Stellar mass density profiles were es-
timated from the stellar mass of each BCG assuming a Hernquist (1990) pro-
file and the Shen et al. (2003) mass-size relationship (Ruszkowski & Springel,
2009; Laporte et al., 2013). The inclusion of stellar mass in our estimates of
Menc (r) does not significantly affect the freefall time profiles at radii & 25 kpc
(or similarly & 0.025R500), which is not surprising given that BCG stellar mass
dominates the cluster density profile only within the central ∼ 10 kpc of a clus-
ter (Newman et al., 2013; Monna et al., 2017; Caminha et al., 2017). Still, we
include the BCG stellar mass in our estimation of the free-fall time profiles and
find that the BCG stellar masses alter the free fall times by . 4% at ∼ 10 kpc
and . 1% at ∼ 20 kpc.
Comparing the characteristics of BCG starbursts to ICM thermodynamic
parameters requires choosing a radius in the ICM profile at which to measure
these parameters. We measure ICM parameters at 0.025R500 (∼ 25 kpc in most
cases), which is the smallest fraction of R500 that does not require extrapola-
tion of the X-ray profiles for the 11 CLASH clusters studied. We chose this
radius since we expect feedback effects to be strongest near the centers of cool
cores, and negligible outside the core. At radii outside the cool core the ther-
modynamical state of the ICM is only weakly tied to feedback and cooling, and
therefore should be weakly related to the BCG (Cowie et al., 1983; Hu et al.,
1985).
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We also base our expectation of the radial dependence between the proper-
ties of the ICM and feedback on BCG simulations in Li et al. (2015). At large
radii (& 100 kpc), the variation in tcool/tff with time in the simulation (and with
the level of star formation and AGN-driven feedback) is weak, so a relationship
between SFR and cluster dynamical state would be difficult to detect (see their
Figure 9). On the other hand, tcool/tff varies wildly at small radii (. 10 kpc), so
in this case too, relationships involving tcool/tff and other parameters related
to cooling and feedback in the cluster would be difficult to interpret (although
the variation in simulations may be due to the idealized AGN entering peri-
ods of complete quiescence as the fuel supply reaches zero). However, since
0.025R500 is greater than 10 kpc for all the CLASH clusters, even if this effect
is physically realistic we would not expect to observe it.
3.4 Results
Table 3.3 lists our estimates for the best-fit SFR, the duration of the ex-
ponentially decaying starburst ∆tb, and dust mass Md for each active BCG,
expressed as the mean of the marginalized posterior probability distribution
with uncertainties given as the 68.3% confidence interval. We also list the
best-fit intrinsic optical attenuation, AV. The SFRs in the CLASH BCGs span
the range from ∼ 0.5 M yr−1 to ∼ 250 M yr−1. The BCGs have dust masses
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ranging from 107 M in the case of RXJ2129.7+0005 to 109 M in the case of
MACS1931.8-2653. Our multiband photometry and the corresponding best fit
SEDs for each star forming CLASH BCG are shown in the appendix of this
chapter in Figure 3.16.
Burst durations (∆tb) range from . 100 Myr to several Gyr with very large
uncertainties for any given galaxy. Estimating the posterior probability distri-
bution of ∆tb is more complicated than estimating the distribution of the SFR
or Md, owing to the strong dependence of ∆tb on FBURST, the ratio of the stel-
lar mass of the burst population to the stellar mass of the old population in the
apertures we use. We find the mean Spearman correlation coefficient between
∆tb and FBURST is RS = 0.72 (see Figure 3.13 in the Appendix).
Since the uncertainties on ∆tb are large and the probability distribution
of ∆tb is highly correlated with FBURST, we can increase the precision of our
∆tb estimates by imposing physically motivated constraints on FBURST. We do
this by using literature estimates of the fraction of stellar mass contributed to
BCGs by star formation at a redshift < 1 as the range of plausible burst mass
percentages (referring back to Table 3.2, the percentage of stellar mass due
to the starburst in our models is FBURST/(1 + FBURST)). This range is on the
order of 1%− 10% (e.g. McIntosh et al., 2008; Inagaki et al., 2015; Cooke et al.,
in prep.). By restricting the burst mass percentage (and therefore FBURST) to
a single order of magnitude, we reduce the uncertainty in our estimates of ∆tb
121
CHAPTER 3. THE RELATIONSHIP BETWEEN BRIGHTEST CLUSTER
GALAXY STAR FORMATION AND THE INTRACLUSTER MEDIUM IN
CLASH
by slightly more than a factor of 1.5, and can provide estimates of the best-fit
∆tb in some cases where we otherwise report lower limits.
Restricting FBURST for each SED is slightly complicated by the fact that we
measure our SEDs in apertures that do not cover the entire surface area of the
BCG. While the range of burst mass percentages we cite above correspond to
Mburst/MBCG, the stellar mass contributed by the starburst over the stellar mass
of the BCG, the burst mass percentage in our SED models isMburst/Maperture, the















where we assume that the F160W near-IR luminosity, LF160, is a reasonable
proxy for stellar mass. We measured LF160,BCG/LF160,aperture using the 2D image
model of the BCG from the isophotal fitting procedure described in § 2.3.2 in
Lauer et al. (2014). The 2D image models are free of contamination by light
from surrounding galaxies. By multiplying the 1%−10% burst mass percentage
range by LF160,BCG/LF160,aperture for each BCG, we were able to find appropriate
ranges of Mburst/Maperture, and therefore FBURST, for each SED. For example,
LF160,BCG/LF160,aperture is ∼ 2.5 − 2.7 in the case of RXJ1532.9+3021, implying
that 2.5% . Mburst/Maperture . 25%. This implies a range of FBURST of 0.025-
0.4. Since MACS1931.8-2635 does not have a 2D image model available, we
used the same range for FBURST, but otherwise calculated the restricted range
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of FBURST for each BCG individually.
The best fit values for ∆tb assuming restricted ranges of FBURST are re-
ported in Table 3.3. By restricting the range of FBURST to values that corre-
spond to modest contributions to the BCG stellar mass from recent star for-
mation, we produce a more precise set of ∆tb results compared to fits with no
restrictions on FBURST. We adopt these values in the rest of our analysis.
The trends we report below between quantities measured with SED fits
are not caused by correlations in the posterior probability distributions of in-
dividual fits. The posterior probability distributions of SFR, ∆tb, and Md for
individual BCGs are either uncorrelated or only weakly correlated. We report
Spearman correlation coefficients in Table 3.3 and two-dimensional posterior
probability distributions in Figure 3.12 in the Appendix. Across the sample of
CLASH BCGs, the posterior probability distributions of SFR and Md are the
most correlated, but only with a mean Spearman correlation coefficient of 0.19,
while Md and ∆tb are the least correlated, with a mean Spearman correlation
coefficient of 0.01.
Our modified version of iSEDfit produces fits with a mean χ2ν of 0.93, and
a range between χ2ν = 0.57 and χ2ν = 1.63. The χ2ν statistic for the best fitting
model in the grid for each BCG is listed in Table 3.4. Table 3.4 lists χ2ν values
we obtain for each dust attenuation law we try using, coupled with a Salpeter
(1955) IMF, and the values we obtain using a Calzetti et al. (2000) attenuation
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law coupled with a Chabrier (2003) IMF. The choice of the adopted attenuation
law and IMF can affect the quality of the fits to each individual SED but does
not affect the average χ2ν for the full sample nor does it affect our qualitative
conclusions. When the Calzetti et al. (2000) attenuation law is replaced by Witt
& Gordon (2000) clumpy SMC attenuation, the mean χ2ν increases by 16% to
1.08; when we use a modified Calzetti et al. (2000) law instead the mean is
1.10.
The best-fit stellar and dust parameters are similarly minimally affected
by choice of attenuation law. Adopting a Chabrier (2003) IMF systematically
shifts the SFRs ∼ 0.25 dex downwards but does not otherwise significantly al-
ter the probability distributions or correlations between parameters, and does
not strongly affect values of χ2ν . The fits using the Chabrier IMF have a mean
χ2ν of 0.98, and any offsets in SED fit parameters are comparable to, or smaller
than, our reported uncertainties. We report the parameters obtained for each
model used in the appendix, but in our analyses of the results we only discuss
the SED fits obtained using the Calzetti et al. (2000) law and Salpeter (1955)
IMF, unless otherwise noted.
3.4.1 The Starburst - ICM Connection
For BCGs with detectable star-formation activity, we find a tight correlation
between the BCG SFR and the ratio tcool/tff measured at 0.025R500. The trend
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Table 3.3 BCG Stellar and Dust Parameters
log10 SFR log10 ∆tb log10 ∆tb log10 Md AV RSa RS RS
restr. FBURSTb SFR×∆tb SFR×Md Md ×∆tb
BCG (M yr−1) (Gyr) (Gyr) (M) (mag)






−0.24 -0.16 0.36 -0.03






−0.19 -0.06 0.07 0.07






−0.24 0.03 0.20 0.07






−0.3 -0.03 0.44 -0.01




−0.18 -0.11 0.25 0.02













−0.21 -0.52 -0.23 0.19




−0.31 -0.23 0.47 -0.21















−0.19 -0.40 -0.16 0.11
RXJ2129.7+0005 −0.5+0.22−0.23 0.29
+0.28




−0.17 -0.19 0.12 0.01
a Spearman correlation coefficients for the sample of pairs of parameters obtained by sampling the posterior
probability distribution of models. The Spearman correlation coefficient measures the rank correlation of two
datasets, and is between -1 (a perfect negative correlation) and 1 (a perfect positive correlation).
b Results obtained for ∆tb when the fractional burst strength, FBURST, is restricted to the range [0.025, 0.4] and the
SED fit is re-run.
c Uncertainties denote the 1σ credible intervals for each value.
d For log10 ∆tb posterior probability histograms that peak near the upper bound of the parameter space (5 Gyr), we
report the 1σ confidence interval as a lower limit on log10 ∆tb.
Table 3.4 Best Fit χ2 Values
Calzetti Modified Calzetti Witt Clumpy SMC Chabrier IMF
BCG χ2ν χ2ν χ2ν χ2ν
Abell 383 0.99 1.33 1.54 1.41
MACS0329.7−0211 0.57 0.76 0.60 0.64
MACS0429.6−0253 1.53 1.53 2.25 1.39
MACS1115.9+0219 0.59 0.53 0.46 0.52
MACS1423.8+2404 0.80 1.44 1.24 0.80
MACS1720.3+3536 1.41 1.48 1.02 1.31
MACS1931.8−2653 0.66 1.39 1.22 1.17
MS2137−2353 0.64 0.70 0.68 0.67
RXJ1347.5−1145 0.72 0.72 0.66 0.78
RXJ1532.9+3021 1.63 1.51 1.28 1.40
RXJ2129.7+0005 0.70 0.73 0.79 0.73
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Figure 3.4 The tcool/tff ratio is shown as a function of Log10 SFR. Values of the
ratio tcool/tff were measured at a radius of 0.025R500 for each cluster. The blue
data points are the measured values from the active BCG sample. The solid
black line depicts the best-fit straight line to the data in log-log space. Values of
tcool/tff at 0.025R500 for CLASH clusters with non-starforming BCGs are shown
to the left of the vertical dashed line. The black points show clusters where
tcool/tff values were obtained using X-ray profiles from Donahue et al. (2014),
while the red points were obtained using temperature and density profiles from
Cavagnolo et al. (2009) and assuming a metallicity of 0.3 Z. Uncertainties for
the SFR is taken to be the 68.3% confidence interval for the marginal posterior
probability distribution, which for a Gaussian distribution is equal to the 1σ
uncertainty. For tcool/tff , the 1σ uncertainties are shown.
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and is shown as the black curve in Figure 3.4. The data are fit by this trend
with no detectable intrinsic scatter (σi < 0.15 dex at 3σ). We estimated the
best fit lines and intrinsic scatters using the least squares method in Hogg
et al. (2010) for fitting data with uncertainties in two dimensions and intrinsic
scatter. The data have a Spearman correlation coefficient RS = −0.98 and a
Pearson correlation coefficient R = −0.95.
We estimated both the strength of the relationship we observe, and the
strength of the claim that the relationship has little intrinsic scatter. We
first investigated the possibility that there is no relationship between SFR and
tcool/tff , by calculating the marginal probability distribution of the slope using
Equation 35 of Hogg et al. (2010), and find that the slope of the relationship is
less than 0 at 99.993% confidence.
We then examined the possibility that a relationship obeying the trend in
Equation 3.6 but with a large intrinsic scatter produced the results we observe.
We created an ensemble with 104 synthetic datasets, consisting of 11 SFR val-
ues randomly sampled in logarithmic units from 0.1 M yr−1 to 1000 M yr−1,
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and calculated the corresponding predicted values of log10 tcool/tff . Assuming
a given intrinsic scatter, σi, we generated an offset from the trend line for each
of the 11 points by sampling a normal distribution of standard deviation σi to
obtain the amplitude of the offset and determined a direction of the offset by
sampling a uniform distribution between 0 and 2π. We added an additional
offset for each point in the x-direction and in the y-direction by sampling nor-
mal distributions with standard deviations equal to the mean uncertainty of
the observed SFRs and the observed tcool/tff values, respectively. The proba-
bility that data more tightly correlated than our dataset (‖R‖ = 0.95) would be
produced given σi was calculated for the ensemble of datasets. Since we used
log-normally distributed variables to generate our synthetic data, we used the
Pearson coefficient R to measure the strength of the correlation. We repeated
this procedure for σi ranging from 0.0 to 0.6, and found that for σi & 0.22 dex,
the probability of drawing a dataset with a trend tighter than the one we ob-
serve is < 0.3%. The results of the above correlation test are presented in
Figure 3.5.
The ratio tcool/tff is thought to be a proxy for the thermal instability of ICM
gas – when the gas can cool quickly relative to the time it takes for it to infall,
it can more readily become thermally unstable and collapse (Gaspari et al.,
2012; Li & Bryan, 2014). Assuming ICM instability increases with decreasing
tcool/tff , our results suggest that BCG SFRs will increase with the thermal
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Figure 3.5 The probability of a synthetic dataset of SFR and tcool/tff observa-
tions with an underlying relationship corresponding to the best-fit relationship
measured for CLASH active BCGs and measured uncertainties comparable to
the CLASH data set having a Pearson correlation ‖R‖ > 0.95 is shown as a
function of intrinsic scatter. The horizontal dashed line denotes where the
probability falls below 0.3% (corresponding to a 3σ outlier for a Gaussian pro-
cess). The vertical dashed line denotes an intrinsic scatter of 0.22 dex, which
is approximately where the probability curve dips below 0.3%.
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instability of the surrounding ICM.
The relationship between the star formation duration ∆tb and cooling time
at 0.025R500, tcool, is shown in Figure 3.6. The relationship between these two
parameters is difficult to quantify owing to the large uncertainties on ∆tb. In
order to estimate the strength of this correlation, we calculated the Spearman
coefficients both including and excluding MACS1931.8-2653. In performing
these computations, we also need to address the fact that some of the ∆tb values
are only lower limits even with a restricted FBURST prior. If we use the lower
limit values to compute the ∆tb ranking, then ∆tb and tcool are strongly corre-
lated, with a Spearman coefficient of 0.86 including MACS1931.8-2653, and a
coefficient of 0.81 excluding it. If we assume that the lower limits in ∆tb are tied
for the highest rank, then the Spearman coefficient including MACS1931.8-
2653 is 0.57, implying a weak correlation (p < 0.065), while if MACS1931.8-
2653 is excluded, the data are not significantly correlated (RS = 0.427, p < 0.22).
In the limit of the worst possible ∆tb ranking for the lower limit data (e.g., the
data point with the highest ranked tcool amongst the ‘lower limit’ points has
the lowest relative ∆tb rank), the two datasets are not correlated (RS = 0.433,
p < 0.18 with MACS1931.8-2653, RS = 0.24, p < 0.50 without). Therefore, cool-
ing times and burst durations are likely weakly positively correlated (although
this observation may be driven by MACS1931.8-2653), and ∆tb and tcool become
comparable in amplitude when ∆tb reaches Gyr timescales.
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All the BCGs either lie to the left of the line where ∆tb = tcool or are consis-
tent with lying to the left of this line. This is the region where starbursts occur
on timescales shorter than the timescale for the ICM to cool. In clusters where
∆tb and tcool fall to the left of this line, star formation has been ongoing for a
shorter duration than the time it would take for the ICM at 0.025R500 to radia-
tively cool. Therefore, assuming tcool profiles typically increase monotonically
with radius, if the cold gas reservoir fueling star formation is the result of the
ICM radiatively cooling, then the body of low-cooling time gas inside 0.025R500
that was present at the onset of star formation will be depleted. Alternatively,
in clusters where ∆tb and tcool fall to the right of this line, either higher cooling
time gas will have radiatively cooled and replenished the gas inside 0.025R500
in order to continue forming the cold gas fueling star formation, or radiative
cooling has been arrested and tcool is locally static.
3.4.2 Star Formation and Dust Parameters
We find that both the dust mass and burst duration of CLASH BCGs are
correlated with their SFRs. The relationship between ∆tb and SFR is shown
in Figure 3.7. Large SFRs are consistent with star formation episodes that
have recently begun, and as the bursts persist to ∼ Gyr timescales, the SFRs
diminish by several orders of magnitude.
Figure 3.8 shows the relationship between Md and SFR. In order to be con-
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Figure 3.6 Log10 ∆ tb vs. Log10 tcool is shown. Cooling times were measured at a
radius of 0.025R500 in each cluster. The solid grey line shows where ∆ tb = tcool.
Blue points with grey errorbars show values of ∆tb obtained when limiting
the range of FBURST according to the procedure discussed in § 4. For refer-
ence, black points with dashed black errorbars show ∆tb measured assuming
0.0016 < FBURST < 6.4. For points in the region to the left of the line, labelled
‘cool gas depleted on burst timescales’, the cooling time of gas at 0.025R500 ex-
ceeds the duration of the starburst. For points in the region to the right of
the line, labelled ‘cool gas replenished’, the duration of the starburst exceeds
the cooling time of the gas at 0.025R500. Uncertainties for both parameters are
defined analogous to Figure 3.4 .
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sistent with studies of SFR and Md conducted by da Cunha et al. (2010) and
Hjorth et al. (2014), when comparing these two quantities we analyze SFRs and
dust masses obtained with a Chabrier (2003) IMF. We continue to use Salpeter
(1955) when discussing results in the rest of our paper.
















with an intrinsic scatter of < 0.83 dex (3σ limit). The analysis of da Cunha et al.
(2010) derived dust masses and SFRs for field galaxies using a UV-IR SED
fitting technique that was similar to ours. We overlay their best-fit trendline,
which has a best-fit slope of 1.11± 0.01 and intercept of 7.1± 0.01 in Figure 3.8.
In order to constrain the behavior of the trend at the large SFR end, we include
the dust mass and SFR of the Phoenix Cluster BCG (e.g. McDonald et al., 2013).
We adopt the Mittal et al. (2017) estimate of 454-494 M yr−1 for the Phoenix
SFR and fit the far-IR SED of Phoenix to estimate Md. This extended dataset
shows a flattening slope at the high-SFR end of the relationship. When we
overlay a trend drawn from Hjorth et al. (2014) that takes into account the
evolution of star formation and dust for starbursting galaxies with large (&
1000 M yr−1) SFRs, we find excellent correspondence to our data across the
range of SFRs studied. While our confidence that we observe a change in the
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Figure 3.7 Log10 SFR vs. Log10 ∆tb is shown. Blue points with grey errorbars
show values of ∆tb obtained when limiting the range of FBURST according to
the procedure discussed in § 4. For reference, black points with dashed black
errorbars show ∆tb measured assuming 0.0016 < FBURST < 6.4. Uncertainties
for both parameters are taken to be the 68.3% confidence interval for their
respective marginal posterior probability distributions.
SFR-Md trend at the high SFR-end is limited by the size of our sample, our
results are fully consistent with starforming BCGs producing dust reservoirs
like starbursts in the field.
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Figure 3.8 Log10 SFR vs. Log10 Md is shown. The solid grey line depicts the
best fit trend line for these parameters for the CLASH active BCG sample.
The dashed red line shows the SFR-Md relationship of da Cunha et al. (2010),
which was obtained using SDSS field galaxies. The dashed green line shows
the Hjorth et al. (2014) relationship. The red data point is the BCG of the
Phoenix cluster. Uncertainties for both parameters are taken to be the 68.3%
confidence interval.
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3.4.3 Testing Impact of AGN Emission on SED
Results on MACS1931.8-2653
We wish to understand the possible impact of AGN emission on our SED
fitting results. Therefore, we analyzed the impact of AGN emission on the
SED fit to MACS1931.8-2653, since this BCG shows the strongest evidence
for AGN emission. If the AGN component has little impact on the SED fit to
MACS1931.8-2653, we do not believe there will be substantial AGN contami-
nation of our fits to the other starbursting BCGs in CLASH, which host weaker
or quiescent AGN. The X-ray point source in this BCG is well-fit by an AGN
power spectrum with a 2-10 keV luminosity of 5.32+0.40−0.37 × 1043 ergs s−1 cm−2
(Hlavacek-Larrondo et al., 2013a). Moreover, the IR template-fitting results
of Santos et al. (2016) imply a substantial AGN contribution may exist in the
case of MACS1931.8-2653, so it is important to investigate the effect of adding
an AGN component to the model used to fit the UV-IR SED of this X-ray loud
BCG.
As Santos et al. (2016) postulate a potentially large AGN contribution to
the UV-IR SED of MACS1931.8-2653, we ran a separate SED fitting analysis
for this BCG wherein we include the IR AGN model of Siebenmorgen et al.
(2015). We allowed iSEDfit to sample the full range of parameters that de-
scribe the Siebenmorgen et al. (2015) AGN emission model library, which for
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our purposes are nuisance parameters. The contribution of the AGN to the to-
tal UV-IR luminosity of the galaxy was allowed to range between 0.001× and
10× the stellar contribution.
We find that the effect of AGN emission in MACS1931.8-2653 is marginal.
The best fit χ2 degrades slightly, to 1.09, most likely owing to the addition of
AGN model nuisance parameters. After incorporating AGN emission, we find
the log10 SFR = 2.36 ± 0.19 M yr−1, log10 ∆tb = −0.69+0.46−0.80 Gyr, and that log10
Md = 8.86+0.34−0.38 M. Compared to our AGN-free model, we find the SFR changes
by ∼ 0.3σ, ∆tb by ∼ 0.5σ, and Md by ∼ 0.05σ. This is not surprising, since the
AGN contribution to the UV-FIR luminosity relative to the stellar contribution
is log10 fAGN = −1.65± 0.87.
One possible explanation for the discrepancy between these findings and
the results published in Santos et al. (2016) for MACS1931.8-2653 is our de-
cision not to incorporate WISE photometry in our SED fitting. WISE W3 and
W4 filters cover the region of the MIR spectrum (∼ 10 µm) sensitive to the con-
tribution of AGN flux. Since for our purposes, the AGN flux is a contaminant,
it does not make sense to include these filters in our SED. The difference may
also be explained, in part, by the fitting technique– the theoretical modelling
we employ to fit the data allows us greater flexibility to fit the data than the
empirical templates used in Santos et al. (2016).
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3.5 Discussion
CLASH galaxy clusters provide a data-rich sample for the study of feedback
in the environments of BCGs. Just over 50% of the CLASH X-ray selected clus-
ters host BCGs that exhibit signs of vigorous feedback and their relatively low
redshifts allow us to study their properties in detail. We find a strong obser-
vational relationship between BCG star formation and the ratio tcool/tff , which
is a proxy for thermal instability in the ICM. As we will discuss below, this re-
lationship appears to strongly support the AGN-regulated cooling mechanism
in the condensation and precipitation model advocated in Voit et al. (2015) and
Voit et al. (2017). However, several of the implications of our findings have not
been anticipated by models of cooling and feedback in the ICM, and raise inter-
esting questions about the dynamics of condensation and heating in the BCG
and its environs.
3.5.1 tcool/tff As A Proxy For Thermal Instability
and ICM Condensation
Models of AGN-driven condensation and precipitation that involve tcool/tff
as a proxy for thermal instability in the ICM provide a natural foundation for
interpreting our observed correlation between between tcool/tff and the SFR. If
tcool/tff is related to the rate of molecular gas production around an active BCG,
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it should be correlated with the SFR. Specifically, recent simulations show that
tcool/tff determines the critical overdensity at which ICM density perturbations
can condense (Singh & Sharma, 2015). We hypothesize this critical overdensity,
in turn, determines the mass deposition efficiency εMD, defined to be the mass
fraction in a region of the ICM that cools into molecular gas. Assuming that
density perturbations of the ICM follow a log-normal distribution in the core of

































is the critical overdensity for ICM condensation as a function of
tcool/tff and σ is the width of the ICM density perturbation distribution. The
observed relation between SFR and tcool/tff would therefore imply that SFR
scales with εMD.
We can use the tcool/tff -SFR relationship to infer properties of the relation-
ship between tcool/tff and εMD, and therefore constrain models of feedback-
regulated cooling. As a first-order approximation, we assume that a condition
close to equilibrium exists between cooling and star-formation for most of the
duration of an episode of feedback-regulated cooling, so that SFR ∼ Ṁg,real,
where Ṁg,real is the actual ICM cooling rate. By measuring Ṁg ≡Mg/tcool within
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0.025R500 with the X-ray parameter profiles used in this paper, we find that




where for the purposes of this simple model we have set log10 εMD = 0.0 when
tcool/tff = 10.0, which is a ‘critical’ value for mechanical feedback-triggered
condensation (Voit & Donahue, 2015). In a relatively uniform sample of clus-
ters like CLASH, where core gas masses occupy a narrow range (∼0.4-1.4×1013
M), Ṁg does plays a relatively minor role in Equation 3.9, resulting in a tight
relationship between SFR and tcool/tff . While it is important to bear in mind
that we have made a simple estimate of εMD which may not be the actual mass
deposition efficiency, our analysis demonstrates how the relationship between
tcool/tff and star formation may be used to constrain the processes governing
the cooling and condensation of gas in the ICM.
In Fogarty et al. (2015), we attempted to estimate the cooling rate of the
ICM by measuring Ṁg for gas that was at a radius < 35 kpc or for gas that had
an average tcool/tff ratio below 70 5. We found that while reddening-corrected
UV photometric SFRs scale with Ṁg in both cases, star formation appears to be
increasingly ‘inefficient’ as the SFR decreases. The lowest SFRs we observed
5The cooling times quoted in Fogarty et al. (2015) were taken from the ACCEPT website
(http://www.pa.msu.edu/astro/MC2/accept/). ACCEPT website cooling times are incorrect and
need to be multiplied by a factor of 6.9/2. Values of tcool were calculated using ACCEPT profiles
and assuming fixed metallicity.
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were ∼ 0.1 − 1% of Ṁg, while at the other extreme the two quantities were
comparable. Such a trend would be expected if, as Equation 3.9 indicates, the
εMD scales with the SFR.
3.5.1.1 The Role of tff in the SFR-tcool/tff relationship
Recent work examining the critical condition for the onset of BCG activity
in a cool core cluster suggests that this activity is driven by tcool, not tcool/tff
(Hogan et al., 2017). These results may imply that we ought to observe a re-
lationship between SFR-tcool, without any significant contribution from tff . An
SFR-tcool relationship may be observed if the dominant driver of condensation
is the AGN jet propelling low cooling time gas from lower to higher altitudes,
where it can condense. Since the cooling time of the uplifted gas determines
the radius where the gas becomes thermally unstable, it also determines how
much work must be done by the jet to lift the gas to a radius where conden-
sation can occur. Therefore, if the uplift of plasma is driving condensation, we
expect to see a SFR-mass condensation efficiency relationship in the form of
a SFR-tcool relationship. Such a relationship would appear similar to an SFR-
tcool/tff relationship in a sample such as CLASH with a narrow range of cluster
masses, since all of the clusters in CLASH have similar free-fall times in their
cores.
We thus investigated the possibility that the underlying relationship we
141
CHAPTER 3. THE RELATIONSHIP BETWEEN BRIGHTEST CLUSTER
GALAXY STAR FORMATION AND THE INTRACLUSTER MEDIUM IN
CLASH
observe in Figure 5 is primarily between SFR and tcool. The range of tff at
0.025R500 in CLASH clusters with star-forming BCGs is smaller than the range
of tcool – while tff varies by a factor of ∼ 1.5 across the sample, tcool varies
by a factor of ∼ 3. Hence, the effect of tff on the relationship with SFR is
modest, and our ability to distinguish between an underlying SFR-tcool/tff re-
lationship vs. a SFR-tcool relationship is limited. Several lines of reasoning
provide evidence for a non-negligible contribution from tff , although we can-
not rule out the interpretation that the underlying relationship we observe is
solely between SFR and tcool.
SFR and tcool are correlated as shown in Figure 3.9, with a Spearman cor-
relation coefficient of -0.90 (and a Pearson coefficient of -0.90). We calculate an
intrinsic scatter between the two quantities of 0.05+0.03−0.01 dex (< 0.18 dex at 3σ).
The Spearman correlation coefficient in the SFR-tcool/tff and SFR-tcool relation-
ships as a function of sampling radius are presented in Figure 3.10. We do not
find a substantial difference between tcool and tcool/tff in terms of how tightly
these quantities relate to the SFR. However, the distinction between tcool in
the star-forming and non-starforming CLASH clusters is less clear than the
distinction between tcool/tff in these two populations, and tcool for two clusters
with non-starforming BCGs is comparable to tcool in the clusters with BCGs
exhibiting 0.1− 1 M yr−1 of star formation (see Figure 3.9).
The situation becomes clearer when we examine the relationship between
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Figure 3.9 Log10 tcool as a function of Log10 SFR is shown, with color-coding
and uncertainties analogous to those given in Figure 3.4. Values of the ratio
tcool were measured at a radius of 0.025R500 for each cluster. Values of tcool at
0.025R500 for CLASH clusters with non-starforming BCGs are shown to the left
of the vertical dashed line.
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tcool, tff , and the residuals in the fits to the CLASH SFR-tcool/tff and SFR-tcool
datasets. In Figure 3.11, we show tff vs. the residuals when we fit a log-log
relationship to the SFR-tcool dataset at a radius of 0.025R500 and at 0.075R500.
We also show tff vs. the residuals of SFR-tcool/tff at 0.025R500 and tcool vs. the
residuals of SFR-tcool/tff at 0.025R500. We find that at 0.025R500, tff/〈tff〉, where
〈tff〉 is the mean tff for the sample, is correlated with the residuals in the fit to
the SFR-tcool dataset, tcoolPredicted tcool , where Predicted tcool is tcool predicted by the
SFR-tcool relationship for a given SFR. These two quantities are consistent with
tcool
Predicted tcool
= tff/〈tff〉, implying that dividing tcool by tff will offset the residu-
als in the SFR-tcool relationship. The relationship between tff and tcoolPredicted tcool
at 0.025R500 has a positive slope with ∼ 98% confidence. The plot in Figure
3.11 does not have obvious outliers, so the scatter reduction seen at 0.025R500
by dividing tcool by tff is not attributable to reducing the residuals in an ex-
treme outlier. There is also no evidence that tff or tcool are correlated with the
residuals in the other three plots we examined.
3.5.2 BCG Activity and Low Cooling Time Gas
We find a relationship between ∆tb and tcool that shows a possible posi-
tive correlation between these two quantities with ∆tb approaching tcool at Gyr
timescales. Since ∆tb is potentially correlated with the SFR, and individual
measurement uncertainties are relatively large (∼0.3 – 0.4 dex) compared to
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Figure 3.10 The Spearman correlation coefficient for Log10 SFR and Log10
tcool/tff is shown as a function of the radius used to measure tcool/tff . Correla-
tions are measured at 5 kpc intervals, and are plotted as the blue diamonds.
The solid red line denotes where the one-tailed P-value = 0.05, points below it
have P < 0.05. Points below the dashed red line have P < 0.0025.
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Figure 3.11 Plots showing best fit residuals vs tff and tcool. The top row shows
tff vs. the residuals for tcool-SFR at 0.025R500 and 0.075R500. The bottom row
shows tff vs. the residuals for tcool/tff -SFR and tcool vs. the residuals for
tcool/tff -SFR, both at 0.025R500. The x-axis values are normalized by the mean
values of these quantities for the CLASH star forming sample. In each case,
the grey line denotes where the plotted quantities are equal.
146
CHAPTER 3. THE RELATIONSHIP BETWEEN BRIGHTEST CLUSTER
GALAXY STAR FORMATION AND THE INTRACLUSTER MEDIUM IN
CLASH
the range of ∆tb values measured in the sample (1.5 dex), the observed rela-
tionship has limited power to constrain models of cluster-scale feedback evolu-
tion. However, our measurements of the starburst durations have implications
for understanding how AGN-regulated feedback progresses over time.
Four of the 11 BCG starburst durations are reported as lower limits. These
BCGs may be undergoing continuous star formation. However, given the asso-
ciation between longer ∆tb and lower SFR, and shorter ∆tb and higher SFR, we
suspect that star formation in these BCGs is slowly decaying. Alternatively,
BCGs undergoing feedback may initially exhibit large starbursts before set-
tling down to a relatively steady state with anywhere between ∼ 1-10 M yr−1
of star formation. Star formation may also ‘flicker’ on timescales that are short
relative to the values of ∆tb we measure.
Along with recent spectroscopic observations in the far-UV, the long burst
durations we observe suggest that star formation and the thermodynamical
state of the ICM in the cool-core is temporally decoupled from the gas con-
densation rate fueling AGN feedback, which may feature irregular spikes and
dips over time. Recent observations of RXJ1532.9+3021 with Cosmic Origins
Spectrograph (COS) (Green et al., 2012) reveal that star formation in this BCG
exceeds the upper limit on gas cooling measured by N V and O VI by a fac-
tor of ∼10, suggesting the initial build up of molecular gas in this system has
run its course (Donahue et al., 2016). Meanwhile similar spectroscopy in Abell
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1795 and the Phoenix cluster reveal that gas cooling outstrips the SFR (Mc-
Donald et al., 2014a, 2015). Delayed consumption of molecular gas may allow
the star formation history of BCGs to ‘smooth over’ these intermittent spikes.
Slowly decaying BCG starbursts may also trace a transition from an initial
mode of rapid condensation (with ∼100-1000 M yr−1 of gas condensing) to a
long-duration mode of more modest condensation (with ∼1-10 M yr−1 of con-
densation). If star formation lags behind cooling in making this transition, the
resulting observables would be consistent both with our results and the offset
between SFRs and cooling rates seen in Molendi et al. (2016) and Donahue
et al. (2016).
A positive correlation between ∆tb and tcool and the existence of long-lived
(> 1 Gyr) starbursts are consistent with the mass condensation efficiency in-
terpretation of the tcool/tff -SFR scaling relationship discussed in Section 3.5.1.
Assuming that the duration of the BCG starburst is a proxy for the duration
of AGN feedback, then longer periods of star formation in a BCG imply more
energy injection into the surrounding ICM, which in turn raises the cooling
time of the surrounding ICM. This in turn diminishes the rate at which molec-
ular gas condenses, and gradually shuts off both the starburst and feedback.
The duration ∆tb and tcool ought to converge in the limit of a long starburst,
although feedback mechanisms could run out of fuel and shut down before the
two quantities converge depending on how inefficiently mass condenses out of
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the ICM. Alternatively, a quasi-steady state may be reached with effectively
continuous star formation in the BCG coupled with ICM plasma with tcool of a
few Gyr being replenished by hotter gas at about the same rate it condenses.
In this case, star formation and feedback may decay very slowly, or not at all.
Our results do not rule this latter scenario out, leaving the following possible
options: (1) BCG activity is cyclical, (2) BCG activity approaches a slowly de-
caying quasi-steady state, or (3) BCG activity is cyclical but the duty cycle is
comparable to the age of the cool core of the cluster.
Finally, it has been noted that there are few examples of BCGs with post-
starburst spectra in most BCG samples (Liu et al., 2012a; Loubser et al., 2016).
Indeed, none of the SOAR or SDSS spectra of CLASH BCGs in Fogarty et al.
(2015) show post–starburst features. The lack of post-starburst BCGs is con-
sistent with our estimates of ∼ Gyr duration episodes of star formation. Wild
et al. (2009) notes that for a galaxy with an exponentially decaying starburst
to feature a post-starburst spectrum, the burst’s decay timescale would have
to be . 0.1 Gyr and the burst would have to account for at least 5-10% of the
galaxy’s stellar mass. Given the nature of long-duration star formation in our
observations and models of feedback-regulated cooling, we would not expect to
see a substantial population of post-starburst BCGs.
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3.5.3 Characteristics of Large Starbursts in BCGs
Large BCG starbursts (with SFRs & 100 M yr−1) may differ from their
more modest counterparts in several ways. Firstly, the SFRs and dust masses
in the CLASH BCGs are consistent with using Hjorth et al. (2014) to describe
the relationship between BCG star formation and dust mass. Specifically,
MACS1931.8-2653 and the Phoenix cluster match the flattening slope and
eventual turnover in the Hjorth et al. (2014) relation closely, raising the pos-
sibility that these BCGs harbor starbursts similar to the starbursts in the
submillimeter-detected population of galaxies studied by Hjorth et al. (2014).
The Hjorth et al. sample extends the study of dust and star formation con-
ducted in da Cunha et al. (2010) to cover starbursts to galaxies forming stars
at & 1000 M yr−1. Since the largest BCG starbursts in the CLASH sample
also began forming stars more recently we hypothesize that, like these mas-
sive field galaxy starbursts, BCGs with large star formation rates are either
forming or building up their dust reservoirs.
Secondly, both MACS1931.8-2653 and RXJ1532.9 +3021 boast prodigious
SFRs and distinctive X-ray cavities. Furthermore, MACS1931.8-2653 exhibits
an X-ray loud AGN, a feature which is not obvious in the other CLASH clus-
ters. These features are noteworthy because the starbursts in RXJ1532.9+3021
and MACS1931.8-2653 are the youngest in our sample at log10 ∆tb = −0.39+0.38−0.41
and −1.01+0.35−0.34 Gyr, respectively. Our findings suggest that stronger X-ray fea-
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tures may be associated with younger, larger BCG starbursts, such as the ex-
treme example of BCG star formation present in the Phoenix Cluster (McDon-
ald et al., 2012, 2013, 2014b).
3.6 Conclusions
We use multi-wavelength observations from HST, Spitzer and Herschel to
derive SFRs, starburst durations and dust masses from fitting the SEDs of
the 11 CLASH BCGs with extended UV and nebular line emission features.
The SFRs and dust masses span nearly three orders of magnitude, with SFRs
ranging from ∼0.3 to ∼ 250 M yr−1, and dust masses ranging from ∼ 106 to
∼ 109 M. BCG starbursts are . 100 Myr to several Gyr old.
We find compelling evidence for a direct link between the thermodynamic
state of the ICM and BCG star formation. Specifically, we observe a tight SFR-
tcool/tff relationship and a relationship with an intrinsic scatter σi < 0.15 dex
and a slope of −0.15 ± 0.03. These results strongly suggest that thermally un-
stable ICM plasma with a low cooling time is the source of material that forms
the reservoir of cool gas fueling star formation in the CLASH BCGs and that
BCG star formation and feedback either exhausts the supply of this material
on Gyr timescales or settles into a state with relatively modest (∼ 1 − 10 M
yr−1) continuous star formation.
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Even if the trend we observe between SFR and tcool/tff is due to an under-
lying trend between SFR and tcool we would still find the AGN-driven conden-
sation and precipitation model to provide a compelling explanation. However,
since we find a ∼ 2σ detection of a correlation between tff and the residuals
from the best-fit line SFR-tcool relationship, we suspect that tff plays a role in
the physics governing the relationship between SFR and the ICM. With larger
datasets spanning a larger range of tff that include both measurements of tcool
and tff , it will be possible to constrain the role of tff in cluster core dynamics
with greater confidence.
While our results are not a direct observation of feedback-induced conden-
sation, the condensation model provides predictions that are consistent with
our observations and provides a framework for understanding why the star
formation rate in BCGs would scale with tcool/tff . If tcool/tff scales with the
critical density for ICM perturbation collapse, tcool/tff measures the efficiency
of condensation, and our findings can be interpreted as a relationship between
SFR and the condensation efficiency of the ICM.
Our study also raises several questions about the life-cycle of cooling and
feedback. We present evidence that star formation episodes in BCGs with
larger SFRs are younger relative to BCGs with more modest SFRs, suggesting
that BCG starbursts decay over time. We also present evidence that BCG star
formation can persist over & Gyr timescales. However, it is not clear whether
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the starbursts in BCGs are cyclical, or slowly decaying single events that may
eventually settle into a low level of persistent star formation. It is also possible
we are observing the superposition of several shorter-lived events.
The dust and star formation in BCGs is consistent with the SFR-Md rela-
tionship described in Hjorth et al. (2014). This consistency holds even when we
include the SFR and dust mass measured for the Phoenix cluster BCG, which
forms stars at a rate of ∼ 500 M yr−1. Our results lead us to hypothesize that,
while uncommon in BCGs, large starbursts like those in MACS1931.8-2635
and the Phoenix cluster may have properties in common with young, violent
starbursts in field galaxies.
Our work shows a direct link between the amount of star formation occur-
ring in a BCG and the thermodynamical state of the surrounding ICM. The
quality of the data we used in combination with the sample selected allowed us
to study specifically the interaction between BCG and the ICM in a uniformly-
selected sample of cool-core clusters. These clusters and their BCGs have prop-
erties that are consistent with a process of cooling and feedback and the re-
sults presented herein bring us closer to a complete understanding of feedback
in galaxy clusters. A clear extension of this study would be to examine how
the BCG-ICM relationships evolve with redshift and cluster mass by analyzing
additional deep, multi-wavelength galaxy cluster surveys.
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3.7 Appendix
In this appendix, we explore the impact of the choice of stellar initial mass
function and of the dust models. The attenuation law can significantly affect
both the shape of the UV-through-optical of our synthetic SEDs and the nor-
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malization of the dust emission component of the SEDs. Hence, understanding
if there are significant changes to the derived stellar population properties is
essential in assessing the robustness of our work. We also examine the poste-
rior probability distributions for SFR, ∆tb and Md obtained with iSEDfit.
We specifically investigate the sensitivity of our results when we adopt a
modified Calzetti et al. (2000) law (Table 3.6) or a Witt & Gordon (2000) clumpy
SMC-like dust in a shell geometry (Table 3.7). Tables of SED fitting results
analogous to Table 3.3 are presented assuming a modified Calzetti attenuation
law (Table 3.6) and clumpy SMC-like attenuation (Table 3.7). The values of
SFR, ∆tb and Md we report vary little between both attenuation models and
the attenuation model assumed in the main paper. The largest difference is in
∆tb between the Witt & Gordon (2000) model and either model based on the
Calzetti et al. (2000) law– burst durations fit assuming the former dust law
are systematically 0.1-0.3 dex shorter. However, the differences between these
sets of results are statistically insignificant, and do not qualitatively affect the
interpretation of our data.
Adopting a Chabrier (2003) IMF results in a systematic shift downward
in the inferred SFRs, consistent with the Chabrier (2003) IMF being about
0.25 dex lighter than the Salpeter (1955) IMF. However, like variations caused
by assuming different dust attenuation models, these shifts are not statisti-
cally significant, and do not qualitatively change the trends between stellar
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and ICM parameters we observe. The systematic shift in SFR is due to the fact
that the mass-to-light ratio changes when changing from a Salpeter (1955) to
a Chabrier (2003).
The marginal probability distributions for parameters of interest to our
study (SFR, ∆tb and Md) are depicted in Figure 3.12, and are seen to have
a well-defined mode for each distribution, although there is evidence for bi-
modality in some of the distributions. We show an example of marginal poste-
riors SFR, ∆tb, Md, AV , burst decay percentage, galaxy age, τ , and metallicity
for Abell 383, in order to demonstrate which parameters are and are not well
constrained by our fits. For five of the BCGs, the marginal distributions for ∆tb
are cut off by the age of the Universe at the redshift of the galaxy cluster. In
3.14, we show the marginal posterior distributions for ∆tb when the SED fit
parameter FBURST is constrained to the range [0.025, 0.4]
In summary, reasonable variations in the assumed attenuation law or in the
assumed IMF do not significantly change any of the key results or conclusions
in this study.
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Table 3.5 BCG Stellar and Dust Parameters assuming a Chabrier IMF and
Calzetti attenuation law
log10 SFR log10 ∆tb log10 Md AV RSa RS RS
SFR×∆tb SFR×Md Md ×∆tb
BCG (M yr−1) (Gyr) (M) (mag)
Abell 383 −0.02+0.23−0.24 > −0.47 7.39+0.78−0.82 0.48+0.22−0.24 -0.11 0.30 0.04
MACS0329.7-0211 1.39+0.19−0.22 > −0.68 8.39+0.66−0.64 0.53+0.18−0.19 0.07 0.01 -0.07
MACS0429.6-0253 1.32+0.23−0.22 > −0.73 8.49+0.67−0.65 0.74+0.24−0.22 0.10 0.17 0.09
MACS1115.9+0219 0.65+0.27−0.26 > −0.75 7.54+0.96−0.88 0.43+0.29−0.29 -0.08 0.45 -0.04







−0.26 -0.19 0.17 -0.0







−0.3 -0.27 0.36 -0.15
RXJ1347.5-1145 0.87+0.22−0.22 > −0.66 7.74+0.91−0.81 0.31+0.23−0.22 -0.11 0.45 0.04
RXJ1532.9+3021 1.8+0.2−0.18 −0.2+0.51−0.55 8.79+0.47−0.48 0.91+0.21−0.21 -0.34 -0.10 0.07
RXJ2129.7+0005 −0.7+0.24−0.21 > −0.01 6.71+0.81−0.73 0.28+0.14−0.14 -0.30 0.27 -0.19
a Spearman correlation coefficients for the sample of pairs of parameters obtained by
sampling the posterior probability distribution of models.
b For log10 ∆tb posterior probability histograms that peak near the upper bound of the
parameter space, we report the 1σ confidence interval as a lower limit on log10 ∆tb.
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Table 3.6 BCG Stellar and Dust Parameters assuming a modified Calzetti at-
tenuation law
log10 SFR log10 ∆tb log10 Md AV RSa RS RS
SFR×∆tb SFR×Md Md ×∆tb
BCG (M yr−1) (Gyr) (M) (mag)
Abell 383 0.18+0.24−0.26 > −0.54b 7.41+0.83−0.78 0.47+0.25−0.26 -0.13 0.35 0.05
MACS0329.7-0211 1.6+0.19−0.21 > −0.31 8.39+0.72−0.69 0.53+0.19−0.18 -0.11 0.08 0.04
MACS0429.6-0253 1.54+0.24−0.25 > −0.80 8.5+0.75−0.75 0.76+0.24−0.24 0.02 0.26 -0.01
MACS1115.9+0219 0.85+0.28−0.28 > −0.38 7.61+0.87−0.82 0.43+0.28−0.28 -0.0 0.42 0.03
MACS1423.8+2404 1.4+0.21−0.23 > −0.76 8.37+0.77−0.78 0.42+0.19−0.2 0.02 0.21 -0.02
MACS1720.3+3536 0.19+0.24−0.24 > −0.37 7.64+0.68−0.74 0.59+0.23−0.24 -0.17 0.27 -0.04







−0.34 -0.21 0.36 0.0
RXJ1347.5-1145 1.07+0.23−0.21 −0.11+0.59−0.61 7.71+0.92−0.87 0.31+0.23−0.22 0.05 0.37 0.09
RXJ1532.9+3021 1.99+0.2−0.19 −0.26+0.57−0.55 8.77+0.51−0.49 0.88+0.2−0.19 -0.43 -0.12 0.03
RXJ2129.7+0005 −0.53+0.24−0.24 > 0.06 6.65+0.83−0.73 0.26+0.18−0.17 -0.14 0.04 0.18
a Spearman correlation coefficients for the sample of pairs of parameters obtained by
sampling the posterior probability distribution of models.
b For log10 ∆tb posterior probability histograms that peak near the upper bound of the
parameter space, we report the 1σ confidence interval as a lower limit on log10 ∆tb.
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Table 3.7 BCG Stellar and Dust Parameters assuming Witt clumpy SMC-like
dust in a shell geometry
log10 SFR log10 ∆tb log10 Md AV RSa RS RS
SFR×∆tb SFR×Md Md ×∆tb
BCG (M yr−1) (Gyr) (M) (mag)
Abell 383 0.36+0.25−0.24 > −0.39 7.6+0.75−0.78 0.9+0.61−0.56 -0.23 0.27 -0.06
MACS0329.7-0211 1.61+0.19−0.19 −0.31+0.74−0.83 8.41+0.7−0.69 0.58+0.39−0.42 -0.19 -0.08 -0.01
MACS0429.6-0253 1.57+0.21−0.2 > −1.24b 8.54+0.65−0.64 1.05+0.56−0.57 -0.10 0.17 0.01
MACS1115.9+0219 0.98+0.26−0.26 > −1.06 7.84+0.82−0.81 0.67+0.57−0.52 -0.15 0.27 -0.04
MACS1423.8+2404 1.51+0.19−0.19 −0.27+0.72−0.77 8.49+0.73−0.75 0.56+0.4−0.42 -0.15 0.05 -0.01
MACS1720.3+3536 0.43+0.26−0.26 −0.1+0.57−0.62 7.66+0.7−0.71 1.12+0.6−0.62 -0.19 0.11 -0.01
MACS1931.8-2653 2.36+0.18−0.18 −1.12+0.54−0.56 8.88+0.37−0.37 1.09+0.51−0.52 -0.33 -0.23 0.03
MS2137-2353 0.55+0.31−0.31 −0.07+0.58−0.61 7.66+0.79−0.82 1.01+0.68−0.68 -0.21 0.31 -0.08
RXJ1347.5-1145 1.21+0.19−0.21 −0.26+0.68−0.76 8.08+0.78−0.78 0.43+0.32−0.33 -0.09 0.23 -0.04
RXJ1532.9+3021 1.98+0.18−0.18 −0.49+0.67−0.81 8.79+0.5−0.5 1.18+0.46−0.5 -0.36 -0.13 0.04
RXJ2129.7+0005 −0.24+0.27−0.24 > −0.32 6.82+0.75−0.71 0.83+0.67−0.62 -0.31 0.07 0.04
a Spearman correlation coefficients for the sample of pairs of parameters obtained by
sampling the posterior probability distribution of models.
b For log10 ∆tb posterior probability histograms that peak near the upper bound of the
parameter space, we report the 1σ confidence interval as a lower limit on log10 ∆tb.
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Figure 3.12 Marginal posterior probability distributions for the SFR, burst du-
ration ∆tb, and dust mass Md are shown for each BCG. Marginal distributions
for individual parameters are obtained from the distribution of each parame-
ter for the model SEDs sampled using iSEDfit, and are depicted by the his-
tograms in the diagonal sub-plots of each figure. Two-dimensional slices of the
posterior probability distribution (for SFR×∆tb, SFR×Md, and Md × ∆tb), are
obtained from the distribution of pairs of parameters for each model SED, and
are depicted by the contours drawn on the two-dimensional histograms in the
off-diagonal sub-plots. The contours represent the 68.3% and 99.7% credible
intervals, which correspond to the 1σ and 3σ contours for Gaussian distribu-
tions.
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Figure 3.13 Marginal posterior probability distributions are shown for the
burst duration, ∆tb, in log Gyr, and FBURST, also in log units.
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Abell 383 MACS0329.7-0211 MACS0429.6-0253 MACS1115.9+0219
MACS1423.8+2404 MACS1720.3+3536 MACS1931.8-2653
−1.0 0.0
log ∆ tb [Gyr]
MS2137-2353
−1.0 0.0
log ∆ tb [Gyr]
RXJ1347.5-1145
−1.0 0.0
log ∆ tb [Gyr]
RXJ1532.9+3021
−1.0 0.0
log ∆ tb [Gyr]
RXJ2129.7+0005
Figure 3.14 Marginal posterior probability distributions are shown for the
burst duration, ∆tb, in log Gyr, when FBURST is restricted as described in Sec-
tion 3.4. Results were obtained by generating a new model grid for each BCG
with the new prior on FBURST and re-fitting the data.
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Figure 3.15 Marginal posterior probability distributions for the SFR, burst du-
ration ∆tb, and dust mass Md, dust attenuation AV , burst decay percentage,
metallicity, galaxy age, and τ shown for Abell 383. Plots are analogous to the
marginal distributions presented in Figure 3.12.
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Figure 3.16 Best fit SEDs for each CLASH star forming BCG. SED photometry
data points with 1σ error bars are shown as black points or as 3σ upper limits
denoted by red arrows. Grey lines depict the ‘best fit’ synthetic spectra, where
‘best fit’ is defined to be the synthetic spectrum producing the smallest reduced
χ2 in the iSEDfit Monte Carlo grid.
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3.4µm M/L Ratio and Stellar Mass
Evolution of BCGs in COSMOS
from z < 1.0
Abstract
We investigate the evolution of star formation rate, stellar mass, and
M/L3.4µm ratio of high mass (> 1011M) Brightest Cluster Galaxies (BCGs)
in the COSMOS survey from z < 1 to determine the growth rate of BCG
stellar mass over time from intermediate to low redshift. We estimate
stellar mass and star formation rates through SED fitting of archival
GALEX, CFHT, Subaru, Vista, Spitzer, and Herschel photometric data
available in the COSMOS2015 catalog. A modified version of iSEDfit is
used to fit both quiescent and star forming population models and exam-
ine the role of dust model selection. We find that BCGs grow in stellar
mass at a rate of ∼1%/Gyr through in − situ star formation since z ∼
1. Additionally, we find an evolution of BCG baryonic mass-to-light ratio
(M/L3.4µm) with redshift consistent with passive evolution. We use this to
build upon Wen et al. (2013)’s νL3.4µm −MStellar relation for use in approx-
imating the stellar mass of high mass (> 1011M) BCGs out to z ∼ 1. We
finally compare results from the literature using SZ versus X-ray selected
samples, and conclude that the diversity of results in the literature may
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be affected cluster environment or by X-ray vs. SZ selection criteria.
4.1 Introduction
Dominating the luminosity and stellar mass of the cores of galaxy clusters,
and influencing their evolution, are Brightest Cluster Galaxies (BCGs). These
massive ellipticals occupy a narrow distribution of position-velocity space in
relation to the clusters in which they formed (Lauer et al., 2014), indicating
a relaxed state within the parent cluster. However, they do not represent the
same population of ellipticals (Von Der Linden et al., 2007b) as other ellipticals
in the cluster or the field. One unique characteristic of BCGs is their extended
light profiles (e.g. Oemler, 1976; Graham et al., 1996), indicating a rich merger
history (e.g Bernardi et al., 2007; Liu et al., 2008). Additionally, BCGs exhibit
larger sizes and luminosities than predicted from cluster luminosity functions
(e.g. Loh & Strauss, 2006; Shen et al., 2014).
Recent observations of star-forming BCGs has led to a revision of their for-
mation scenario in the past decade. The initial model derived from theoretical
predictions (e.g. Merritt, 1984) and observations (e.g. Stott et al., 2010, 2011)
postulates a BCG formation mechanism in which the original gas and stel-
lar content of a BCG formed in the initial matter density peaks (Treu et al.,
2005). The rest of its constituent stars form via in–situ processes rapidly be-
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fore z = 1.5, which evolve passively to the present day. This is contrasted by
semi-analytical models in which BCGs grew in stellar mass by a factor of three
from z = 1 to the present day (De Lucia & Blaizot, 2007). The newest models
exhibit a factor of two growth over the same redshift range (e.g. Shankar et al.,
2015), in which BCG stellar mass is accumulated through many minor merg-
ers (e.g. Naab et al., 2009; Edwards & Patton, 2012), which has led to greater
agreement between observations and models (Lin et al., 2013; Lidman et al.,
2012). Whether this merger-driven era dominates mass growth is still under
investigation, as minor mergers are not 100% efficient in the delivery of their
gas supply or stars (Liu et al., 2009), and major mergers still occur rarely at
low redshift (Burke & Collins, 2013; Liu et al., 2015).
Determining an accurate BCG growth model has been difficult, as the lit-
erature has found a diverse range of stellar mass growth rates using a diverse
range of selection methods and stellar population models. For example, Tonini
et al. (2012)’s semi-analytical BCG growth, using Maraston (2005) stellar popu-
lation models, is effectively complete by z ∼ 0.4. Bai et al. (2014)’s BCG sample,
which are selected from RCS1 (Gladders & Yee, 2005) and a flux-limited X-ray
sample (Mullis et al., 2003), exhibit 50% growth between 0.1 < z < 0.5. Mean-
while, Inagaki et al. (2015) selects their sample using the Planck Sunyaev-
Zeldovich Source Catalog, finding up to 14% growth between 0.2 < z < 0.4. Bell-
stedt et al. (2016)’s study of 98 clusters in the RELICS survey finds 9% growth
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from 0.25 < z < 0.60. Finally, Oliva-Altamirano et al. (2014)’s study of SDSS
BCGs finds no buildup of stellar mass from 0.09 < z < 0.27. This is contrasted
by McIntosh et al. (2008) in which cluster centers of BCGs from the SDSS
Group Catalog are gaining 2-9% of their stellar mass from 0.01 < z < 0.12. Se-
lection effects between optical and x-ray samples may play a role (Burke et al.,
2000), different observed wavelengths, or assumptions such as selection of IMF
or evolution model may each play a part in the disparity in results.
In this paper, we seek to address the inconsistency in mass growth findings
through the use of a customized SED fitting code based on iSEDfit and com-
parisons to low-mass clusters identified in the Cosmic Energy Survey (COS-
MOS) (Scoville et al., 2007). COSMOS is a multi-wavelength survey which
observed a 2 sq. deg. field centered at RA(J2000) = 10:00:28.600, DEC(J2000) =
+02:12:21.00 from the X-ray to the radio, with publicly available multi-wavelength
data available in the COSMOS2015 catalog. By modeling BCG SEDs using
far-UV (FUV) to far-infrared (FIR) observations, we can better constrain the
old and young stellar populations in a self consistent manner that considers
stellar populations obscured by infrared emitting dust. By estimating specific
star formation rates (sSFR) and star formation episode age in BCGs over a
wide redshift range, we better constrain when mass assembly takes place and
whether or not star formation episodes in different clusters share a common
ending epoch.
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In §4.2 we discuss target selection criteria and sample completeness. We
review the archival data used in the SED fitting procedure in §4.3 and discuss
the data reduction and SED fitting software in §4.4. We discuss the results in
§4.6. Finally, we summarize our results and future prospects in §4.7. We use
the lambda cold dark matter (ΛCDM) standard cosmological parameters of H0
= 70 Mpc−1 km s−1, ΩM = 0.3, and Ωvac = 0.7.
4.2 Sample Selection
In order to build our sample from a common field and selection method,
we select BCGs from clusters in the COSMOS X-ray group and cluster cat-
alog (George et al., 2011; Finoguenov et al., 2007) between 0 < z < 1, with
greater than thirty confirmed cluster members (to limit the sample to clus-
ters), and a most massive group galaxy stellar mass of >1011 M. This yields
an initial sample of 40 BCGs with no selection for star formation rate (SFR)
activity. Their parent clusters span the range of log(m200c/M) ∼13.1-14.2, as
determined by the cluster X-ray luminosity (Finoguenov et al., 2007).
COSMOS groups and clusters were originally detected by identifying ex-
tended sources on the scale of 32”; and 64” using the wavelet analysis of Vikhlinin
et al. (1998); in the Chandra and 1.4 Ms XMM-Newton observations of the
COSMOS field. Once identified, George et al. (2011) ran a red-sequence find-
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ing algorithm to identify an optical counterpart within a projected distance of
500 kpc of the X-ray center. A galaxy is included as a member galaxy using a
Bayesian analysis of galaxy properties such as location with respect to cluster
or group center, redshift error, and relative number of field and cluster or group
galaxies (See §4 of George et al., 2011). Our sample requires no completion cor-
rection as the COSMOS X-ray group catalog is complete down to M∗ > 1010.4
M at z = 1 (George et al., 2011). Stellar mass estimates used in the COSMOS
X-ray group catalog are estimated via SED fitting of galaxies with 3σ detec-
tions in the Ks band, using Bruzual & Charlot (2003) stellar population models
with a Chabrier (2003) IMF. Two targets, COSMOS CLJ100028.3+024103 and
COSMOS CL J095824.0+024916, had updated photometric redshifts above z
=1 in the the more recent COSMOS2015 catalog (Laigle et al., 2016) and were
excluded from the final sample, resulting in a total of 38 BCGs.
4.3 Archival Data
To characterize each BCG from the FUV-FIR, we use archival multi-wavelength
observations of the COSMOS field (Scoville et al., 2007). A short review of
each observation set is below, for further details of the data reduction in COS-
MOS2015, see Laigle et al. (2016). The following photometry has been cor-
rected for photometric and systematic offsets as detailed in Eq. 9 in Laigle
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et al. (2016). For observations from GALEX FUV-Spitzer IRAC4, we also cor-
rect for Milky Way foreground extinction using a galactic reddening of Rv = 3.1
(Morrissey et al., 2007) and E(B−V ) values from the Schlegel et al. (1998) dust
maps.
For our SED fitting, we use errors which include the observational error
reported in the COSMOS2015 catalog as well as the absolute calibration un-
certainty unique to each telescope. For GALEX NUV and FLUX flux errors,
we include a 10% uncertainty 1. Subaru photometric calibration is accurate to
within 0.02 magnitudes (Taniguchi et al., 2015), therefore we include a system-
atic error of 2%. For CFHT u*, we err on the side of caution and use the 5% er-
ror from worst quality data of the original CFHT observations of the COSMOS
field (Capak et al., 2007). According to the Vista/VIRCAM User Manual2, Vista
photometry is accurate to within 3-5% and so we include a 5% error in addition
to the observational error for data from Vista/VIRCAM filters. Spitzer absolute
flux calibration is considered accurate to within 3% Van Dyk et al. (2013), and
we add an additional 3% to our final Spitzer IRAC errors. Most Herschel data
used here are upper limits defined by the sensitivity of the original Herschel
survey of the COSMOS fields. For the handful of Herschel detections in our
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4.3.1 GALEX Observations
To constrain the degree of unobscured star formation, we retrieve the Galaxy
Evolution Explorer (GALEX; Martin et al., 2005) archival far-UV (FUV) and
near-UV (NUV) band PSF-fit photometric magnitudes (For details see Zamo-
jski et al., 2007). GALEX observes a 1.2 degree circular field of view through a
50 cm diameter Richey–Chretien telescope. To measure FUV and NUV magni-
tudes, Zamojski et al. (2007) use a PSF-fitting routine using u∗ band observa-
tions as a prior to minimize blending effects due to GALEX’s FWHM of 5”.
4.3.2 Canada–France–Hawaii Telescope (CFHT)
We use COSMOS2015 archival CFHT/MegaPrime (Aune et al., 2003; Boulade
et al., 2003) u∗ magnitudes to constrain the blue and NUV res-frame emission.
The COSMOS field was observed in queue mode with a consistent PSF (with a
FWHM of 0.9”) across all observations, to a depth of mu∗ ∼ 26.4 and seeing of
0.9”. For further details, see Capak et al. (2007).
Additionally, we use Ks magnitudes from CFHT/WIRCam (Puget et al.,
2004) taken during the COSMOS-WIRCam Near-Infrared Imaging Survey (Mc-
Cracken et al., 2010), down to a 3σ detection limit of mKs=23.4 and FWHM of
1.1” or less. The Ks filter has PSF FHWM of ∼ 1.02” (Laigle et al., 2016).
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4.3.3 Subaru
To constrain the optical continuum of each BCG, we retrieve Subaru/Suprime-
Cam optical magnitudes from the COSMOS2015 catalog in 5 broad filters (B,V,R,i+,z+
+) and 11 medium filters (IA427, IA464, IA484, IA505, IA527, IA574, IA624,
IA679, IA738, IA767, and IA827). The Subaru observations with the worst
resolution are from the IA464 filter with a PSF FWHM of 1.89”, which is still
sufficient to resolve the BCGs from their parent clusters for our sample. All
observations reach a 3σ depth of mAB ∼ 25.2 or deeper. For further details, see
Taniguchi et al. (2007, 2015).
4.3.4 Vista
Near-infrared (NIR) observations are an important constraint for the old
stellar population which dominates the emission and stellar mass of BCGs. We
retrieve Y, J, and H-band archival Vista (Dalton et al., 2006; Emerson et al.,
2006) observations taken with VIRCAM (Sutherland et al., 2015) during the
UltraVISTA-DR2 survey (McCracken et al., 2012). For UltraVISTA, the COS-
MOS field was observed with Y, J, and H filters down to limiting magnitude
mAB of 25.3, 24.9, and 24.6 respectively with a median FWHM of 0.6”.
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4.3.5 Spitzer Observations
Additional observations of the old stellar population are available through
near-infrared observations taken by the Spitzer Space Telescope (Spitzer; Werner
et al., 2004). We include archival data from Spitzer’s Infrared Array Camera
(IRAC)’s 3.6, 4.5, 5.7, and 7.9 µm channels (For more information, see Fazio
et al., 2004). IRAC observes 5.2 arcmin x 5.2 armin fields with PSF widths 1.6
arcsec, 1.6 arcsec, 1.8 arcsec, and 1.9 arsec for bands IRAC1 to IRAC4 respec-
tively. IRAC magnitudes in COSMOS2015 are measured from observations
taken as part of SPLASH (Steinhardt et al., 2014) and S-COSMOS surveys
(Sanders et al., 2007) to a 3σ depth of mAB of 25.5, 25.5, 23.0, and 22.9 for
IRAC1-4 respectively. We also include archival Multiband Imaging Photome-
ter (MIPS, Rieke et al., 2004) 24µm fluxes originally observed and reduced in
(Le Floc’h et al., 2009) to a 5σ depth of 71 µJy.
4.3.6 Herschel Observations
The far-infrared is an important regime that is sensitive to the re-radiated
energy from dust surrounding optically bright, but obscured, star forming re-
gions. We use Herschel Space Observatory (Herschel; Pilbratt et al., 2010) Pho-
toconductor Array Camera and Spectrometer (PACS) Oliver et al. (2012) in the
green (100 µm) and red (160 µm) bands as well as the Spectral and Photomet-
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ric Imaging Receiver (SPIRE) 250 µm and 350 µm bands. 500 µm observa-
tions, which in Chapter 3 provided very little constraining power in massive
CLASH clusters with known starbursts, were not used in SEDs for the COS-
MOS sample. While the large beam size at 250 & 350 µm (18.1, 24.9” re-
spectively) guarantees blending, all targets at 350µm and all but one target
(COSMOSCLJ100035.2+020346) at 250µm have S/N < 3 and are treated as
upper limits. PACS observations were taken as part of the PACS Evolutionary
Probe (PEP: Lutz et al., 2011) to a 3σ depth of 5 and 10.2 mJy for 100 and
160 µm bands respectively. SPIRE observations originate from the Herschel
Multi-tiered Extragalactic Survey (HerMES: Oliver et al., 2012) and reach a
3σ depth of 8.1 and 10.7 mJy respectively.
4.4 Methods
4.4.1 SED Construction
SEDs were composed of photometry taken from GALEX, SDSS, Subaru,
Vista, Spitzer, and Herschel archival magnitudes in the COSMOS2015 public
catalog, so as to maximize coverage of UV-through-IR flux.
Out of an initial sample of 40 BCGs, 2 were excluded for updated photomet-
ric redshifts currently beyond z = 1. In the remaining sample of 38 BCGs; 27
179
CHAPTER 4. 3.4µM M/L RATIO AND STELLAR MASS EVOLUTION OF
BCGS IN COSMOS FROM Z < 1.0
have GALEX NUV and/or FUV detections, 37 have full Spitzer/IRAC detections
with the 38th (COSMOS CLJ100056.0+022834) detected in only IRAC1-3 , 4
are detected in MIPS 24 µm , and 4 with Herschel PACS or SPIRE. Therefore,
every BCG in the final catalog has rest-frame U-band through NIR coverage,
with limiting magnitudes out to 350 µm.
4.4.2 SED Fitting
SEDs were fit using a modified version of iSEDfit (Moustakas et al., 2013).
iSEDfit is a Bayesian SED fitting tool that uses a grid of synthetic SEDs gen-
erated using a set of input priors to estimate the posterior probability distribu-
tion of parameters of the stellar population emitting an observed SED. We used
the modified version of this tool described in Fogarty et al. (2017) in order to
take into account both the stellar and dust emission observed in the near-UV
through IR SEDs of our sample.
A detailed description of iSEDfit is available in Appendix A of Moustakas
et al. (2013). iSEDfit takes a synthetic stellar population (SSP), initial mass
function (IMF), and dust attenuation law, and creates a grid of synthetic SEDs
that randomly sample the parameter space of metallicity, AV , emission line ra-
tios, and the parameters governing the star formation history (SFH). For each
BCG, we assume a Salpeter (1955) IMF. We tested two SFH parameterizations,
a one component model and a two component model. The one component model
180
CHAPTER 4. 3.4µM M/L RATIO AND STELLAR MASS EVOLUTION OF
BCGS IN COSMOS FROM Z < 1.0
consists of an exponentially decaying SFH with a decay constant between 0.6
and 60 Gyr sampled logarithmically. The two component model consists of an
exponentially decaying SFH with a decay constant between 0.3 and 1.5 Gyr,
and for half of the models in our grid we incorporated an exponentially decay-
ing starburst at present time. For either model, the age of the BCG was allowed
to vary between 6 and 9 Gyr if the BCG is at z ≤ 0.45, or between 4 and 6 Gyr if
the BCG is at z > 0.45. This enables us to fit SEDs of both quiescent (nominally
‘red and dead’) and star-forming BCGs, and to make a statistical determination
for the presence of a star formation episode. Our choices of stellar population
model and parameter space are given in Table 4.1.
The relative likelihood that each model SED is the observed SED is deter-
mined by calculating e−χ2, where χ2 is the reduced chi square value for the
model compared to the data. By randomly sampling the model grid, weighted
by the relative likelihood, iSEDfit recovers the posterior probability distri-
bution of the model SEDs, and therefore the probability distribution of the
physical stellar parameters we hope to infer from the fit.
Dust emission is incorporated into the synthetic SED grid, allowing us to
take advantage of the mid- and far-IR data available from Spitzer, and Her-
schel. SED fits incorporating observations of the IR dust emission are always
preferable to those that do not since they reduce the degeneracy between AV
and the SFR in fits to dusty star-forming systems. Following the prescription
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Table 4.1 SED Fitting Parameters
Stellar Population Model
Synthetic Stellar Population Bruzual & Charlot (2003)
Initial Mass Function Salpeter (1955)
Attenuation Law Calzetti et al. (2000)
Dust Emission Draine & Li (2007)
Model Parameter Space Constraints
Minimum Maximum Sampling
Parameter Name Value Value Interval
One Component SFH
Age, t 4 Gyr (6 Gyr) 6 Gyr (9 Gyr) Linear
Decay Timescale, τ 0.6 Gyr 60.0 Gyr Logarithmic
Two Component SFH
Age, t 4 Gyr (6 Gyr) 6 Gyr (9 Gyr) Linear
Decay Timescale, τ 0.3 Gyr 1.5 Gyr Linear
Burst Age, tb 10−2 Gyr 5.0 Gyr Logarithmica
Burst Decay Percentage 0.01 0.99 Linear
Burst Mass Percentage 0.0015 0.85 Logarithmic
Metallicity 3× 10−2Z 1.5Z Linear
Dust Parameters
Attenuation AV 0 2 Linear
PAH Abundance Index qPAH 0.10 4.58 Linearb
γc 0.0 1.0 Linear
U cmin 0.10 25.0 Logarithmic
U cmax 10
3 107 Logarithmic
a Burst parameters were sampled logarithmically, since their qualitative effect on the model
SED of the galaxy occurs on order-of-magnitude scales. The exception to this is the burst
decay percentage, which is one minus the amplitude of current star formation activity relative
to the amplitude of the burst tb yr ago.
b Draine & Li (2007) model parameters sampling intervals were chosen based on the model
parameter distributions of the template spectra.
c The Draine & Li (2007) treats dust in a galaxy as consisting of two components. The first
component consists of a fraction γ of the dust is exposed to a power law distrubition of
starlight intensity, ranging from Umin to Umaxs, while the second component consists of the
remainder of the dust, and is only exposed to a starlight intensity Umin. The quantities Umin
and Umax are unitless measures of intensity relative to the ambient local radiation field.
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in Fogarty et al. (2017), we used the dust emission templates in Draine & Li
(2007). The choice dust model parameter space is given in Table 4.1. The dust
emission component of each synthetic SED was normalized such that the total
energy re-emitted by the dust equals the total energy absorbed via attenuation
of the synthetic stellar spectrum.
Our choice of dust model is the Calzetti et al. (2000) attenuation law for
dusty starburst galaxies. As BCGs are generally dust poor, any given choice of
dust model will only effect the results of our BCG fits where the target contains
prominent dust components, and likely an affiliated star formation episode. To
explore the impact of our choice of dust model, we also perform an identical set
of SED fits using model grids derived using a modified version of the Calzetti
law, which takes into account a mild dependence of the attenuation curve on
AV , as well as attenuation from SMC-like dust with a “shell-like” geometry
described in Witt & Gordon (2000). Model grids consisting of 104 models were
constructed for each BCG. The SFH of approximately half of the models in
each grid include a recent burst of star formation activity, and half consist
solely of an exponentially decaying model. Stellar, dust, and SFH parameters
were randomly sampled at either linear or logarithmic intervals, as indicated
in Table 4.1. The age of each BCG was assumed to be the cosmic age at the
redshift of the BCG.
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4.5 Results
4.5.1 BCG Redshift Evolution
From an initial sample of 40 BCGs we are left with 33 after cutting SED
fits with a best-fit χ2 ≥ 10. To explore the evolution of BCG SFRs and sSFRs
for this sample of BCGs, we present the SFRs and redshifts in Figure 4.1,
and sSFRs and redshifts in Figure 4.2. We use the median of the posterior
probability distribution to define the best-fit SFR and sSFR for BCGs in this
sample. Unlike Chapter 3, the posteriors for these quantities are not unimodal
for the two-component SFH, making the mean obtained for the two-component
fit difficult to interpret. Furthermore, for BCGs with SEDs that may be fit by
a range of star-formation activities, the posterior may have a low-SFR tail.
Unless otherwise specified, we report results obtained with the single-component
SFH parameterization throughout. We demonstrate SFR is independent of red-
shift, within our errors, and can place limits on the evolution of the sSFR. We
also defined four redshifts bins, 0.15 ≤ z < 0.35, 0.35 < z ≤ 0.5, 0.5 < z ≤ 0.65
and 0.65 < z, and calculated the two weighted mean SFRs and sSFRs for each
bin. These are reported in the figures with red crosses, depicting the widths of
the bins and of the 1σ credible intervals for the SFRs and sSFRs.
Redshift binned results are reported in Table 4.2. SFR does not change sig-
nificantly in any of the four redshift bins across our sample. Across all redshift
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Table 4.2. Redshift Binned SFR and sSFR
Parameter 0.15 ≤ z < 0.35 0.35 ≤ z < 0.5 0.5 ≤ z < 0.65 0.65 ≤ z




























bins, we find a typical BCG SFR of ∼0.1–1 M yr−1. The SFR trends are sim-
ilar whether we consider the one-component or two-component SFH, although
SFRs and sSFRs are marginally higher when measured using a one-component
SFH.
The mean sSFR is roughly constant for our sample, for all four redshift bins.
In Figure 4.2 we find that, regardless of redshift, the typical sSFR for a BCG
in our sample is 10−11.9 yr−1. Since the catalog we use probes masses uniformly
across the range of redshifts we study, our results in Figure 4.1 suggest some
evolution in the weighted mean sSFR may occur at z ∼ 0.6, which would be
consistent with McDonald et al. (2016). However, an upward evolution would
not be consistent with our highest redshift bin, which has a similar mean sSFR
to the bins below z = 0.5. We find that across our redshift range, the sample we
study probes the mass range 11.2 M - 12.5 M relatively uniformly, as seen in
Figure 4.3.
Finally, we examined the redshift evolution of the BCG mass-to-light ratio.
These results are presented in Figure 4.4. Studies such as Fraser-McKelvie
et al. (2014) and Wen et al. (2013) use the M∗–WISE W1 luminosity relation-
185
CHAPTER 4. 3.4µM M/L RATIO AND STELLAR MASS EVOLUTION OF
BCGS IN COSMOS FROM Z < 1.0















Figure 4.1 Best fit SFRs, defined to be the median of the marginal posterior
probability distribution of the SFR versus redshift for all BCGs in the sample.
The error bars for SFR denote the 68.3% credible intervals, corresponding to
1σ uncertainties for approximately Gaussian probability distributions. The
red crosses show the χ2 weighted mean SFRs in each of four redshift bins. The
horizontal bars depict the width of each bin in redshift, and the vertical bar
depicts the 1σ credible interval for the mean.
186
CHAPTER 4. 3.4µM M/L RATIO AND STELLAR MASS EVOLUTION OF
BCGS IN COSMOS FROM Z < 1.0













Figure 4.2 Best fit sSFR versus redshift for all BCGs. The definition of the best
fit, color scheme and redshift bins are the same as those in Figure 4.1.


















Figure 4.3 Best fit total masses versus redshift for all BCGs. The definitions of
best fit is the same as in Figure 4.1.
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Figure 4.4 M∗/νL3.4µm values are plotted against redshift to depict the effect
of passive evolution on the BCG sample, in which the population ages and
becomes redder over time. Luminosities are K-corrected and corrected for dis-
tance modulus. The solid line is a linear fit to the data using Hogg et al. (2010).
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ship to estimate stellar masses of BCGs at z < 0.1 and z < 0.35 respectively.
However, further estimation of BCG stellar masses at higher redshifts will re-
quire estimates of the evolution of M∗/L3.4µm with redshift. Therefore, we com-
puted WISE W1 rest frame luminosities by estimating the best-fit model W1
photometry in iSEDfit. This band observes the population of old stars which
compose the majority of the BCG’s stellar mass, in addition to being less sen-
sitive to recent star formation and dust than other bands. A linear model is fit
to the M∗/L3.4µm ratio versus redshift using the least-squares method in Hogg
et al. (2010). The resulting redshift-sensitive conversion between νLν(3.4µm)









We find the negative slope is < −0.08 with 3σ significance.
Our wide range of redshifts enables us to probe the evolution of the stellar
M∗/L3.4µm ratio, and derive a redshift dependent relationship between the two
quantities. We measure M∗/L3.4µm for high stellar mass (> 1011M) BCGs from
redshifts between z ∼ 0.2 and z ∼ 1.0. Across this range of redshift space, there
are no obvious outliers, and the M∗/L3.4µm ratio changes by a factor of ∼ 1.7.
Wen et al. (2013) find M∗/νL3.4µm ratios of ∼1.5-2 for some massive early-
type galaxies with M∗ > 11.5M, consistent with an extrapolation to low red-
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shift from Eq. 4.1 (Fig. 4.4). The nearest contaminant in the NIR which could
effect our result is the 3.3 PAH emission feature, which will not be detected
since the rest-frame W1 central wavelengths span 1.8 – 2.5 µm across the red-
shifts observed in our sample.
4.6 Discussion
4.6.1 Comparison Between Literature and Our
Work
Our typical sSFR values are< 10−11.0 yr−1 across all redshift bins, indicative
of a doubling time of > 1011 yr, and thus a stellar growth rate due to star
formation of ∼ 1% Gyr−1.
This is an order of magnitude less growth than McDonald et al. (2016),
which diverges further from our results at higher redshift as merger-driven
stellar mass growth drives higher star formation rates. Using detections from
the SPT, McDonald et al. (2016)’s sample probes the highest YSZ-clusters (YSZ is
the spatially integrated Compton Y-parameter from the SZ effect) in the south-
ern hemisphere, and consists of clusters with approximately 10×more massive
than the COSMOS clusters. We believe the discrepancy in stellar mass growth
rate is due to their mass selection requiring a more agressive merger-driven
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mass growth in their past in order to reach their observed masses, an aggres-
sive growth rate not required by our lower mass sample.
Our results are closest to McIntosh et al. (2008)’s 1.4-6.4%/Gyr growth rate
and consistent with Oliva-Altamirano et al. (2014)’s lack of significant change
at lower redshift (0.09 < z < 0.27). However, our results show an order of
magnitude less growth than Bai et al. (2014) and Inagaki et al. (2015), which
used red sequence and X-ray luminosity selected BCGs. Inagaki et al. (2015)
fit Sunyaev-Zel’dovich (SZ)-effect selected BCGs using only SDSS ugriz mag-
nitudes via kcorrect and NewHyperZ, using Bruzual & Charlot (2003) stel-
lar population models and a Chabrier IMF. Out result is consistent with their
lower limit of 2%, but not their upper limit of 14%. They also noted that
NewHyperZ yielded higher masses than their kcorrect models and that their
selection of early type galaxy models may have influenced the result. Bai et al.
(2014) used the GALFIT luminosity of their targets combined with the M/L
ratio given by the Maraston et al. (2009) luminous red galaxy models. This
difference in stellar and M/L ratio assumptions may be contributors to our dif-
ferent results.
This work’s mean sSFR is higher than Cooke et al. 2016’s mean sSFR of
9.42 ×10−12 yr−1 which investigated the Sloan Giant Arcs Survey (SGAS) and
Cluster Lensing and Supernova Survey with Hubble (CLASH) samples. This is
expected, as their estimators only measured obscured rates while our inclusion
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Hoffer et al. 2012
Mittal et al. 2015
CLASH X-Ray
Stellar Mass vs. sSFR
Figure 4.5 sSFR vs. stellar mass for COSMOS BCGs, with Hoffer et al. (2012),
Mittal et al. (2015), and CLASH X-ray selected clusters shown for comparison.
The blue line represents the star-forming main sequence as found by Lee et al.
(2015) at the mean redshift of all BCGs plotted.
of more infrared upper limits are capable of constraining and approximating
the star formation obscured by dust as well as the un-obscured component.
4.6.1.1 Differences in Behavior Between Literature Sam-
ples
We use available archival data from three other X-ray selected BCG stud-
ies in order to provide a larger sample to test whether BCG star formation
is typical of other massive galaxies; the ACCEPT survey (Cavagnolo et al.,
2009), the BCGs studied by Mittal et al. (2015), and the Cluster Lensing and
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Supernova Survey with Hubble (CLASH; Postman et al., 2012). Of these sam-
ples, the CLASH BCGs occupy a mass and redshift range most like the present
sample, having masses above 1011M and a redshift range of 0.2 < z < 0.7.
However, the CLASH survey selected massive (kT > 5 keV), morphologically
symmetrical (ellipticity ≤ 0.3) clusters, and so contains more massive clusters
than COSMOS and a large fraction > 50% of cool cores Postman et al. (2012).
Meanwhile, the ACCEPT clusters overlap with our masses. Explicitly limiting
our sample to high mass BCGs was done in order to minimize the risk of mis-
identifying BCGs, and by doing so, we are able to examine the impact of BCG
and halo mass on star formation.
The ACCEPT survey selected 239 X-ray clusters in the temperature range
Tx ∼ 1 − 20 keV and the bolometric luminosity range Lbol ∼ 1042−46 erg s−1,
spanning redshifts 0.05 − 0.89 (Cavagnolo et al., 2009). Star formation rates
and stellar masses of ACCEPT cluster BCGs were measured in Hoffer et al.
(2012). We include sSFR values for BCGs with SFRs detected using 70 µm
Herschel observations.
The CLASH survey (Postman et al., 2012) selected twenty massive clusters
from X-ray observed dynamically relaxed systems. Sixteen clusters are from
the massive, relaxed, X-ray observed sample of Allen et al. (2008). Five more
strongly lensing clusters with Einstein radii > 35”; are also included. Foga-
rty et al. (2015) and Donahue et al. (2015) independently investigate the star
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formation characteristics of the CLASH sample. CLASH BCGs are expected to
select a higher star-forming BCG sample than optically or SZ selected samples.
The high X-ray luminosity of these clusters originates from cooling ICM gas,
which should fall down the cluster gravitational potential and condense into
the cluster BCG, fueling star formation. Optically selected BCG samples have
no such dependence, while the effect of cool cores is much less pronounced on
SZ selected cluster samples than X-ray selected cluster samples, since X-ray
luminosity is ∝ n2, while Ysz ∝ n, where n is the ICM density and YSZ is the
intengrated Compton-Y parameter. Recent results suggest that cool-core clus-
ters may occur about twice as frequently in X-ray selected samples compared
to SZ-selected ones (Rossetti et al., 2017).
As seen in Fig. 4.5, overall the comparison sample is consistent with the
star-forming main sequence at this redshift (Noeske et al., 2007; Lee et al.,
2015) COSMOS and CLASH BCGs exhibit some of the lowest SFRs of the four
compared samples; however, and the COSMOS BCGs are systematically more
quiescent than would be predicted with the star-forming main sequence. COS-
MOS targets were initially detected by identifying red sequence galaxies in
extended X-ray sources observed by XMM-Newton or Chandra. The COSMOS
X-ray selection criteria for these targets require that their log(LX) > 41.3 (erg
s−1), while CLASH X-ray detection required a relaxed system with kTx > 5
keV.
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Intriguingly, the tendency of COSMOS BCGs towards quiescence may be a
function of the cluster environment. Figure 4.6 displays sSFR vs. cluster M500
for the COSMOS, ACCEPT, and CLASH samples, as well as the SZ-selected
sample in McDonald et al. (2016). Cluster masses were estimated for COS-
MOS and ACCEPT by converting X-ray luminosities to M500 using the scaling
relation in Pratt et al. (2009). Masses for CLASH were estimated through a
combination of strong and weak lensing (Merten et al., 2015b).
These results suggest BCG evolution may be affected by cluster mass, al-
though it is possible that different effects might dominate at different redshifts.
First, we consider the COSMOS and SPT samples. The COSMOS sample is
both significantly more quiescent and lower mass than the SPT sample. The
majority of the high-sSFR BCGs in the SPT sample occur at high redshift–
while the sSFR characteristics of the COSMOS sample are still systematically
lower at low redshift (log10] sSFR ∼ −12.4 yr−1 as opposed to −11.7-−11.2 yr−1),
the sSFR of the SPT sample grows by ∼ 1 dex across 0.25 . z . 1.0. Mean-
while, the sSFR of the COSMOS sample grows by ∼ 0.5 dex, and the evidence
of growth is of marginal statistical significance. McDonald et al. (2016) cite
merger driven star-formation in young cluster environments at high redshift
as driving the evolution of star formation in their sample. If this evolution is
merger driven, then in the high redshift bins, the BCGs of more massive clus-
ters will have undergone more mergers that may drive star formation. As a
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result, a high-cluster mass sample like the SPT sample would have BCGs with
higher sSFRs than a low-cluster mass sample like COSMOS at high redshifts.
The CLASH and ACCEPT samples, meanwhile, occupy the full range of
cluster masses and BCG sSFRs bracketed by the COSMOS and SPT samples.
These X-ray selected samples are lower redshift (〈z〉 = 0.39 for CLASH and 0.14
for the ACCEPT clusters used in this paper, as opposed to 0.75 for the SPT sam-
ple), and therefore we expect star formation to be induced by cooling. Taken
togethe, they show that the BCG sSFR dependence on mass is much less pro-
nounced in X-ray selected clusters and low- to moderate- redshifts. While the
ACCEPT BCGs show a trend between sSFR and M500, we suspect the bolomet-
ric luminosity-derived masses in ACCEPT may be biased by cool cores, and so
higher masses are actually reflective of brighter cores.
One major caveat has been our assumption that the most massive BCGs in
our sample are representative of the massive BCGs investigated in previous
studies. When comparing results from discrete redshift bins with a large sep-
aration (e.g. z < 0.1 and z > 0.4), BCGs undergoing cluster and major mergers
may be undergoing enhanced star forming activity triggered by compression of
gas during the merger. To verify our sample does not include spurious merg-
ing systems, we use the COSMOS field ACS/F814W mosaic (Koekemoer et al.,
2007; Massey et al., 2010) to visually inspect each target for signs of merging
activity. Finding no cases of morphologically disturbed BCGs, disturbed close
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M500 vs. sSFR
Figure 4.6 sSFR vs. cluster M500. Blue points correspond to BCGs in the COS-
MOS sample, purple points to BCGs in the McDonald et al. (2016) SPT SZ-
selected clusters, yellow points to BCGs with 70 µm detections in the ACCEPT
catalog, and red points to BCGs in the CLASH X-ray selected sample.
companions, or tidal tails, we are confident we are not including mid-merger
BCGs.
4.6.2 Evolution of M/L3.4µm With Redshift
Previous studies at low redshift (e.g. Wen et al., 2013; Fraser-McKelvie
et al., 2014) found a correlation between stellar mass and W1 luminosity den-
sity at z < 0.1. This correlation will evolve with redshift as the W1 band ob-
servations include emission from a younger, and brighter, stellar population.
Therefore, we measured the evolution of the M∗/L3.4µm ratio across a redshift
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range between 0.2 - 1.0 using our COSMOS dataset. Our estimated M∗/L3.4µm
ratio at z = 0, 101.38, is consistent with the high-mass end of the M∗/L3.4µm re-
lationship in Wen et al. (2013). For a 1012M galaxy, Wen et al. (2013) predict
a ratio of 101.29. Since the masses used in their results were estimated from
colors calibrated assuming a Chabrier (2003) IMF, it matches our results given
the ∼ 0.2 dex offset between the Chabrier (2003) and Salpeter (1955) IMFs.
The slope in our relationship is consistent with the passive evolution of a
stellar population becoming redder over time, following a Bruzual & Charlot
(2003) evolutionary track from ∼ 3 to ∼ 10 Gyr old. Our measurement of the
M∗/L3.4µm ratio is consistent with the body of results supporting dry-merger
driven stellar mass growth in BCGs (e.g De Lucia & Blaizot, 2007; Whiley
et al., 2008; Vulcani et al., 2016). In particular, our results imply that the
addition of new mass to a BCG does not change its mass-to-light ratio, so the
stellar population of new mass must be similar to the existing population in
the galaxy. Since observations indicate that BCG masses grow by a factor of
∼ 2 between z = 0.9 and 0.2, stars from early-type stellar populations must
accrete onto the BCGs without triggering star formation (Lidman et al., 2012,
2013; Rodriguez-Gomez et al., 2017). Our findings also align with observations
of the evolution of the M∗/LB ratio out to z = 0.5, which also imply passive BCG
evolution (van der Marel & van Dokkum, 2007).
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4.7 Conclusions
To address the current discrepancies in stellar mass growth for intermedi-
ate redshift BCGs, we have fit the SEDs of 38 high mass (MStellar > 1011M)
BCGs below z < 1 in the COSMOS survey. By retrieving archival data from
the FUV to FIR, we have modeled the stellar populations of 33 BCGs (out of a
total of 38 fit) and estimated SFR and M∗ across 4 redshift bins (0.15 < z < 0.35,
0.35 < z < 0.5, 0.5 < z < 0.65 and 0.65 < z). From these estimations we conclude
that:
• BCG SFR and sSFR have reached a steady state by z ∼ 1 in low-mass
clusters, which continues to the present-day universe, in contrast to high-
mass clusters.
• An evolution of the baryonic M/L3.4µm ratio with redshift is observed and fit.
This redshift dependent correlation provides an extension of the correlation
found by Wen et al. (2013), previously limited to z < 0.1.
• Sample selection criteria play a role in stellar mass evolution studies, and
we find a possible effect of cluster mass or X-ray vs. SZ selection criterion.
While BCGs exhibit the passive behavior expected, further efforts to un-
derstand the history of BCGs require a larger, homogeneously observed and
selected census of massive BCGs at high redshift. As it is not clear how many
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effects give rise to the diverse results in the field, the differences in BCG stel-
lar mass and SFR characterization practices should be investigated further in
order better understand how such different stellar mass growth rates are de-
termined.
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Table 4.3. BCG Best-Fit Parameters
BCG Redshift χ2 SFRa sSFRa
log10(M yr−1) yr−1
COSMOSCLJ100056.8+021225 0.3601000011 1.34 −0.72+0.65−1.01 −12.24+0.64−1.02
COSMOSCLJ100051.5+021648 0.8482000232 3.09 1.19+0.41−0.51 −10.47+0.46−0.5
COSMOSCLJ100013.9+022249 0.3400000036 2.47 −0.95+0.63−0.9 −12.48+0.63−0.94
COSMOSCLJ095907.2+022358 0.3512000144 2.34 −1.0+0.68−0.93 −12.59+0.69−0.96
COSMOSCLJ100027.4+022123 0.2197999954 4.37 −1.21+0.59−0.84 −12.83+0.61−0.85
COSMOSCLJ095847.9+022410 0.3546000123 3.51 −1.06+0.68−0.84 −12.74+0.65−0.86
COSMOSCLJ095945.1+023622 0.3395999968 2.63 −1.18+0.66−0.93 −12.56+0.68−0.95
COSMOSCLJ100135.3+024617 0.8201000094 1.71 −0.05+0.35−0.44 −11.73+0.34−0.45
COSMOSCLJ100111.9+014037 0.5124999881 0.87 0.37+0.38−0.42 −10.82+0.39−0.42
COSMOSCLJ095924.4+014623 0.1099999994 11.79 – –
COSMOSCLJ100049.6+014923 0.5299999714 1.85 −0.12+0.36−0.47 −11.72+0.35−0.47
COSMOSCLJ100139.3+015051 0.9818999767 0.29 −0.13+0.36−0.44 −11.74+0.37−0.45
COSMOSCLJ095805.4+015256 0.5207999945 1.47 0.04+0.32−0.38 −11.55+0.31−0.4
COSMOSCLJ100217.7+015601 0.3007000089 7.5 −0.84+0.67−0.97 −12.33+0.66−1.0
COSMOSCLJ100128.6+015958 0.8223999739 1.38 0.04+0.32−0.44 −11.71+0.33−0.44
COSMOSCLJ100035.2+020346 0.7351999879 9.84 1.82+0.09−0.14 −9.69+0.1−0.18
COSMOSCLJ100200.6+020405 0.4142999947 2.14 −0.83+0.65−0.92 −12.46+0.65−0.95
COSMOSCLJ095940.6+023603 0.2556000054 4.95 0.57+0.27−0.41 −11.14+0.28−0.44
COSMOSCLJ095957.1+023506 0.6697000265 0.71 −0.39+0.37−0.38 −11.93+0.37−0.39
COSMOSCLJ100141.0+015904 0.301699996 12.76 – –
COSMOSCLJ100139.2+022435 0.3903000057 2.71 −0.26+0.51−0.96 −12.01+0.52−1.0
COSMOSCLJ100201.2+021330 0.8249999881 2.84 −0.3+0.58−0.95 −12.44+0.58−0.98
COSMOSCLJ100005.7+021211 0.9232000113 1.42 0.12+0.3−0.41 −11.94+0.31−0.39
COSMOSCLJ095833.6+022056 0.9919000268 2.59 0.37+0.39−0.67 −11.68+0.38−0.67
COSMOSCLJ100021.8+022328 0.2099999934 9.37 −1.15+0.63−1.07 −12.84+0.65−1.11
COSMOSCLJ095931.8+022654 0.3600000143 2.99 −0.74+0.6−0.96 −12.56+0.62−0.98
COSMOSCLJ100016.0+023850 0.7070999742 1.88 −0.58+0.6−0.92 −12.41+0.59−0.93
COSMOSCLJ095941.6+023129 0.7178999782 1.25 −0.59+0.6−0.88 −12.49+0.6−0.93
COSMOSCLJ100056.0+022834 0.3799999952 5.31 −0.11+0.32−0.45 −11.94+0.32−0.47
COSMOSCLJ100013.0+023519 0.6399999857 2.65 −0.1+0.41−0.47 −11.86+0.4−0.48
COSMOSCLJ100028.3+024103b 1.2903000116 – – –
COSMOSCLJ095901.5+024740 0.4900000095 4.04 −0.07+0.35−0.4 −12.08+0.37−0.37
COSMOSCLJ095824.0+024916b 1.2108000517 – – –
COSMOSCLJ100020.7+023153 0.8702999949 2.27 0.23+0.34−0.42 −11.8+0.34−0.42
COSMOSCLJ100027.0+023321 0.5 5.65 −0.12+0.51−1.01 −12.1+0.51−1.0
COSMOSCLJ100031.5+015108 0.5202000141 3.74 0.03+0.32−0.46 −11.89+0.33−0.45
COSMOSCLJ100045.6+013926 0.2099999934 12.81 – –
COSMOSCLJ095951.4+014049 0.3802999854 15.45 – –
COSMOSCLJ100043.2+014607 0.3400000036 7.44 −0.77+0.56−0.92 −12.67+0.56−0.96
COSMOSCLJ100147.3+020314 0.3235000074 7.58 0.05+0.26−0.52 −11.84+0.27−0.53
Note. — a Uncertainties denote the 1σ credible intervals for each value based on iSEDfit.
b Excluded from the sample owing to ambiguous estimated redshifts.
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Figure 4.7 Best-fit models for the COSMOS BCGs. COSMOS SEDs are plotted
in each figure as black points (for detections) and red arrows (for 3σ upper
limits). Error bars depicted on the SEDs are 1σ error bars. The gray line in
each plot depicts the best-fit spectrum, corresponding to the model producing
the smallest reduced χ2 in the iSEDfit Monte Carlo grid.
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In this thesis, I primarily used SED fitting techniques to estimate the prop-
erties of BCG stellar populations to provide a new observational perspective
on how BCGs are regulated by cluster environments. The datasets produced
by multi-wavelength, multi-observatory surveys such as CLASH and COSMOS
are ideal for exploiting this technique, allowing one to measure SFRs, stellar
and dust masses, and provide constraints on the ages of stellar populations.
While CLASH represented an ideal dataset for the analysis I performed in
Chapters 2 and 3, I hope to augment the results presented here with additional
overlapping UV-IR and X-ray datasets.
In particular, the relationship between SFR and tcool/tff in Chapter 3 pro-
vides a new constraint on cluster-scale feedback models that I hope may be
explored further. Considering that providing strong evidence of the role of tff
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in condensation one way or another will constrain what ‘modes’ of AGN feed-
back are present in cool-core clusters, it will be worthwhile to replicate the re-
sults Chapter 3 with larger samples, such as SDSS Stripe 82 clusters observed
with Chandra (LaMassa et al., 2016), the SPT cluster sample (McDonald et al.,
2016), or a successor to ACCEPT.
The results of Chapter 3 also pose something of a mystery, since taken to-
gether with UV and X-ray observations of cooling they demonstrate a tempo-
ral disconnect between condensation, precipitation, and feedback. BCG star
formation often does not accompany UV emission lines indicative of cooling,
and while there is often evidence of radio-mode AGN, AGN-related X-ray point
source emission is rarely detected. Do star formation and the cooling time of
the ICM represent time-average proxies for feedback-regulated condensation?
Does condensation occur stochastically, or possibly cyclically? Further study of
far-UV and soft X-ray cooling lines may shed light on these questions.
Recently, we have proposed ALMA observations to observe both the molec-
ular gas and dust in core of MACS1931.8-2635, which hosts an extreme star-
burst producing stars at a rate of ∼ 250 M yr−1. Our observations will con-
strain the origin and distribution of dust in this system, which is a component
of the multiphase medium that has yet to be fully accounted for. We have been
awarded Cycle 5 time for to address this question, and have recently obtained
Cycle 4 data as well. Unfortunately, the Cycle 4 data is still being processed
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as of this writing, and so could not be included in this thesis. The Chandra
image of MACS1931.8-2635 also reveals a bow shock in the cluster core, and
our Cycle 4 data will determine whether condensation occurs at the site of this
shock.
Finally, this thesis has examined the condensation of the ICM and its im-
prints on the stellar population of BCGs. A natural extension of this effort is to
examine precipitation and accretion of this material onto AGN. Studying pre-
cipitation and accretion entails the sorts of small inner working angle imaging
achievable with radio interferometers and high contrast imaging. I have been
fortunate to have the opportunity to work on a wide range of projects during
my graduate school career, including both the observational work I presented
in the body of my thesis and the instrument design work I present in the ap-
pendix. Eventually I expect to achieve synthesis between these two domains,
as high-contrast imaging pushes the limits not only of directly observing extra-







Several coronagraph designs have been proposed over the last two decades
to directly image exoplanets. Among these designs, vector vortex coro-
nagraphs provide theoretically perfect starlight cancellation along with
small inner working angles when deployed on telescopes with unobstructed
pupils. However, current and planned space missions and ground-based
extremely large telescopes present complex pupil geometries, including
large central obscurations caused by secondary mirrors, that prevent vor-
tex coronagraphs from rejecting on-axis sources entirely. Recent solutions
combining the vortex phase mask with a ring-apodized pupil have been
proposed to circumvent this issue, but provide a limited throughput for
vortex charges > 2. We present pupil plane apodizations for charge 2,
4, and 6 vector vortex coronagraphs that compensate for pupil geome-
tries with circularly symmetric central obstructions caused by on-axis
secondary mirrors. These apodizations are derived analytically and allow
vortex coronagraphs to retain theoretically perfect nulling in the presence
of obstructed pupils. For a charge 4 vortex, we design polynomial apodiza-
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tion functions assuming a greyscale apodizing filter that represent a sub-
stantial gain in throughput over the ring-apodized vortex coronagraph
design, while for a charge 6 vortex, we design polynomial apodized vor-
tex coronagraphs that have & 70% total energy throughput for the entire
range of central obscuration sizes studied. We propose methods for op-
timizing apodizations produced with either greyscale apodizing filters or
shaped mirrors. We conclude by demonstrating how this design may be
combined with apodizations numerically optimized for struts and primary
mirror segment gaps to design terrestrial exoplanet imagers for complex
pupils.
planets and satellites: detection - instrumentation: adaptive optics - in-
strumentation: high angular resolution - techniques: high angular resolution -
telescopes
A.1 Introduction
Upcoming and proposed space and large ground-based telescope designs of-
fer the sensitivity and resolution necessary to begin probing sub-Jovian and,
in the case of space missions, terrestrial exoplanets with high contrast direct
imaging (Kasper et al., 2010; Hinkley et al., 2011; Bolcar et al., 2015; Dalcan-
ton et al., 2015). Recently, protoplanetary discs and massive, young exoplanets
have been directly imaged using coronagraphs to suppress starlight to the level
where these orbiting bodies can be observed (Marois et al., 2008; Kalas et al.,
2008; Lagrange et al., 2009; Marois et al., 2010; Andrews et al., 2011; Carson
et al., 2013; Kuzuhara et al., 2013; Rameau et al., 2013; Oppenheimer et al.,
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2013; Mancini et al., 2015; Macintosh et al., 2015; Wagner et al., 2015; Pueyo
et al., 2015). However, observing fainter objects, such as Earth-like exoplan-
ets, with future observatories poses a challenge for coronagraph designs, which
will need to be adapted to the obstructed pupil geometries of telescopes with
on-axis secondary mirrors and segmented primary mirrors(Pueyo & Norman,
2013; Soummer et al., 2011; Guyon et al., 2014).
Several strategies are being developed to design coronagraphs for telescopes
with obstructed pupils. Using one approach, the original Lyot coronagraph de-
sign can be modified by altering the shape of the Lyot stop to block artifacts
introduced by the pupil geometry (Sivaramakrishnan et al., 2001; Sivaramakr-
ishnan & Yaitskova, 2005). Other approaches involve a combination of mod-
ifications to the pupil and focal plane geometries of the coronagraph, both to
improve coronagraphic performance for unobstructed pupils and to compen-
sate for complicated pupils. For example, the apodized pupil Lyot corona-
graph (APLC) modifies the Lyot coronagraph by introducing a pupil apodizing
mask in order to improve starlight suppression for broadband light with an
obstructed pupil (Soummer, 2005; N’Diaye et al., 2015).
Furthermore, the occulting spot in the Lyot coronagraph can be replaced by
more complicated focal plane masks that involve a combination of phase shift-
ing and apodization, such as the hybrid Lyot coronagraph (Kuchner & Traub,
2002; Moody & Trauger, 2007; Moody et al., 2008; Trauger et al., 2012; Trauger
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et al., 2016).
Phase Induced Amplitude Apodization (PIAA) of the pupil plane with fixed
shaped mirrors, combined with a system of apodizers and inverse-optics, has
also been widely explored as a method for overcoming arbitrary pupil shapes
(Guyon, 2003; Traub & Vanderbei, 2003; Guyon et al., 2005; Cady, 2012). Fixed
mirror apodization has also been combined with some of the complex corona-
graph designs described above, such as the PIAA complex mask coronagraph
(PIAACMC), which combines PIAA with a complex focal plane mask (Guyon
et al., 2014). These recent instrument designs depart considerably from the
coronagraph proposed in Lyot (1939), and represent substantial progress to-
wards achieving terrestrial exoplanet direct imaging capability.
Coronagraphs using a vector vortex phase mask in the focal plane poten-
tially provide substantial gains over other designs in terms of starlight sup-
pression while maintaining high instrumental throughput for sources at close
separations from a target star (Foo et al., 2005; Mawet et al., 2005). In princi-
ple, the vector vortex coronagraph provides full cancellation of on-axis starlight
in the absence of pupil obstructions with little suppression of nearby off-axis
sources (Mawet et al., 2011a). Vector vortex coronagraphs also permit small
inner working angles (IWAs) (in some cases as small as ∼ 1λ/D), enabling ob-
servations of planets with relatively tight orbits (Mawet et al., 2009, 2011b).
In addition to entirely rejecting the light from a target star, these masks can
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be made theoretically achromatic by using subwavelength gratings to create
phase shifts in the focal plane (Mawet et al., 2005, 2007). However, vector vor-
tex coronagraphs only provide ideal starlight suppression with clear circular
pupils, and are particularly impacted by the central obscuration imposed by a
secondary mirror, which is the largest cause of pupil-geometry induced stellar
flux residual in the coronagraphic image. (Mawet et al., 2011a, 2013; Fogarty
et al., 2014).
Recent work has made progress adapting the vector vortex coronagraph to
on-axis telescopes. Mawet et al. (2013) proposed an analytical solution to the
problem of the central obscuration by apodizing the pupil of the vector vortex
coronagraph with a filter consisting of semi-transmissive, hard edged annuli or
‘rings’. The ring apodized vortex coronagraph (RAVC) solves the issue of sup-
pression loss due to the central obscuration. Unfortunately, the throughput of
the RAVC decreases rapidly as the radius of the central obscuration increases,
so we seek alternatives to the RAVC for high-contrast imaging applications
with on-axis telescopes.
In this paper we present a new method to compensate for the central ob-
scuration of an on-axis telescope with a vortex coronagraph. Our results are a
generalization of the RAVC, obtained by extending the formalism of previous
work presented in Fogarty et al. (2014) to derive novel solutions. Our previous
work used linear programming to find apodization functions composed of basis
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Bessel functions that resolve the issue of limited throughput in the RAVC while
providing 10−10 starlight suppression in monochromatic light. We adopt the
linear programming formalism used in that paper to optimize pupil apodiza-
tions composed of piecewise polynomials. Using this new basis, we are able
to use this approach to find throughput-maximizing pupil plane apodizations
for vector vortex coronagraphs that produce theoretically perfect cancellation
of on-axis starlight.
Taking advantage of the the large number of possible solutions available
that null the Lyot plane electric field, we can create apodizations for the PAVC
that are either discontinuous or smooth. We present PAVCs with topological
charges 2, 4, and 6 that are optimized to maximize transmission if the pupil
apodization is produced by an apodizing filter. We also present examples of
apodization functions that may be produced by pairs of shaped mirrors, using
a similar technique to PIAA, and that minimize the curvature of these mirrors.
The polynomial apodized vortex coronagraph (PAVC) designs we describe in
this paper have several desirable properties that make them a good candidate
for delivering extremely high contrast imaging on large, on-axis telescopes.
Like the RAVC, PAVC designs are inherently broadband and offer an exact
solution to the problem posed by centrally obscured pupils. However, since
the RAVC ‘ring’ apodization functions are a special case of PAVC apodizations,
we are able to significantly improve throughput performance. We find that
214
APPENDIX A. POLYNOMIAL APODIZERS FOR CENTRALLY OBSCURED
VORTEX CORONAGRAPHS
the throughput of a PAVC increases as the topological charge (the topologi-
cal charge of the vortex is described in § 2.1) of the vortex increases, and that
throughput falls as a function of secondary mirror radius more gradually than
the RAVC for charges > 2. As a result, the PAVC is a viable option for design-
ing a high-throughput vortex coronagraph on a telescope with a large central
obscuration, particularly if the topological charge of the vector vortex is > 2. By
combining the PAVC with techniques to mitigate diffraction due to the discon-
tinuities imposed on the pupil by secondary struts and primary mirror gaps, we
can design intruments that deliver both high throughput and on-axis starlight
suppression on telescopes with complex apertures.
A.2 The Analytical Vortex Operator and
Optimal Mask Algorithm
A.2.1 The Vector Vortex
A vortex phase mask is an azimuthal phase ramp that replaces the occult-
ing Lyot spot in the focal plane of a coronagraph. It causes the phase of an
electric field propagating through it to undergo a rotation eicθ, where θ is the
angular coordinate in the coordinate system whose origin is the center of the
phase mask and c is the topological charge of the phase mask. The topological
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charge (hereafter referred to as ‘charge’) determines the number of ‘rotations’
the phase of the electric field undergoes per rotation around the center of the
mask (see Figure 2 in Mawet et al. (2011c)). A vortex phase mask in the focal
plane of a coronagraph suppresses on-axis starlight by shifting it out of the ra-
dius of the original pupil in the subsequent Lyot plane. Vortices always carry
even-numbered charges, since odd-numbered charges do not suppress on-axis
starlight in un-obscured pupils (Mawet et al., 2005).
The charge of a vortex coronagraph affects both its IWA and how stable the
instrument must be kept to prevent on-axis starlight from ‘leaking’ into the
final image. In particular, charge 2 vortex coronagraphs permit small, ∼ 1λ/D
IWAs, at the expense of sensitivity to low-order aberrations and finite stellar
angular size (Mawet et al., 2009, 2011b). Charge 2 vortex coronagraphs are
suitable for instruments designed to achieve contrasts of ∼ 10−6; however, the
sensitivity of the charge 2 vortex phase mask to low-order aberrations prevents
it from being useful for obtaining larger contrasts (Mawet et al., 2010). Vortex
coronagraphs with charges higher than 2, which offer lower sensitivity to low-
order aberration at the expense of larger IWAs, are typically considered more
likely candidates for terrestrial exoplanet characterizing instruments (Jenkins,
2008; Mawet et al., 2010).
The same property that allows a vortex phase mask in the focal plane to
reject on-axis starlight from an unobscured pupil is what causes the vortex
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coronagraph to lose starlight suppression in the presence of a central obscura-
tion (Mawet et al., 2011a, 2013; Fogarty et al., 2014). Namely, multiplying the
Airy pattern of a uniform aperture in the focal plane by eicθ causes the light
through that aperture to disperse into a ring with an inner radius correspond-
ing to the outer radius of the aperture when it propagates into the Lyot plane.
The amplitude of this ring peaks at the aperture radius, and falls off as the ra-
dius increases. However, a central obscuration in the pupil serves to subtract
a uniform disc from the center of the pupil, essentially creating two concentric
Airy patterns in the focal plane. Therefore, the vortex coronagraph disperses
some of the on-axis starlight into a ring around the central obscuration in the
Lyot plane, putting it back into the aperture of the pupil. Depending on the the
size of the central obscuration, the residual starlight in the aperture limits the
contrast achievable by the vortex coronagraph to 10−2− 10−1 if left uncorrected
(Mawet et al., 2011a).




Pupil/Lyot Plane Coordinates (r, θ)
Focal Plane Coordinates (k, θ)
Vortex Topological Charge c
Secondary Mirror Radius RS
Primary Mirror Radius RP
Inner Lyot Stop Radius RI
Vortex Operator for a vortex of charge c Vc
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A.2.2 Apodized Vortex Formalism
We intend to solve the problem posed by telescope pupils with central obscu-
rations by apodizing the entrance pupil of the vortex coronagraph. The coro-
nagraphic setup we use is shown in Figure A.1 and consists of three stages,
which are labelled in the figure as Stages A, B, and C. Light from a directly
on-axis source enters a pupil of radius RP , which is obscured by a secondary
mirror of radius RS. At stage A, the pupil is apodized, which in Figure A.1 is
accomplished by using a greyscale apodizing filter. At stage B, the light passes
through the vortex mask in the focal plane, before arriving the inner Lyot stop
at stage C, which blocks flux within a radius RI in the Lyot plane. The final
coronagraphic image is formed by focusing the beam in the Lyot plane onto
a detector placed downstream of the coronagraph. Throughout this paper, we
will use the polar coordinates (r, θ) when discussing the pupil and Lyot planes
(stages A and C), and coordinates (k, θ) when discussing the focal plane (stage
B) and final image (see Table A.1 for an overview of the important variables
used in this discussion).
We define the “vortex operator” to be the operator mapping the electric field
at the coronagraph entrance pupil to the electric field in the Lyot plane for the
PAVC setup depicted in Figure A.1. We will show that when the pupil plane
is apodized by a polynomial apodization function (A (r) = c0 + c1r + c2r2 + ...
at Stage A in Figure A.1), the vortex operator may be solved analytically. Us-
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ing this analytical solution, we can constrain the coefficients of the polynomial
apodization function to find optimal PAVCs that have no on-axis source flux in
the Lyot plane using linear programming.
We proceed to derive the vortex operator for a PAVC with a vortex of charge
c and a pupil apodization function A (r), which we label Vc [A (r)]. Since the
pupil radius in Figure A.1 is RP and the radius of the central obscuration is
RS, the field in the pupil due to an on-axis point source of unit flux is
P (r) = Π0,RP (r)− Π0,RS (r) , (A.1)
where Πa,b (x) is the unit boxcar function with lower bound a and upper bound
b. Since the pupil is apodized by A (r), the electric field at stage A, FA, is
FA (r) = A (r)P (r) . (A.2)
At stage B, the beam undergoes a Fourier transformation, and is acted on by
a vortex phase mask of charge c in the focal plane. FA is an axisymmetric
function, so the Fourier Transform of FA is equivalent to the zeroth order Han-
kel Transform, H0. The field at stage B just before the vortex phase mask is
therefore
FB (k) = H0 [FA (r)] . (A.3)
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𝑅𝑠









Entrance Pupil Profile Lyot Plane Profile
Figure A.1 An overview of the coronagraphic setup discussed in this paper. The
coronagraph consists of three stages: (A) the apodizing mask, (B) the vortex
phase mask, and (C) the inner Lyot stop. When the beam hits stages A and
C, it is in the pupil plane, and at stage B it is in the focal plane. The diagonal
hatching indicates the region of the beam that is blocked by the secondary
mirror and by the inner Lyot stop. In this figure, blue text refers to parts of the
beam in the pupil plane, while green text refers to parts of the beam in the focal
plane, including the final image point spread function (PSF). The bottom left
inset shows an example of the apodized transmission of flux from an on-axis
source through stage A, with an apodization function optimized for a charge
4 vortex and a central obscuration that is 30% the radius of the pupil. The
bottom right inset shows the field at stage C- the dashed lines show where the
field is either outside the radius of the pupil RP or is blocked by the inner Lyot
stop with radius RI .
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After the beam passes through the vortex phase mask, the electric field is
FB2 (k, θ) = FB (k) e
icθ. (A.4)
The beam is transformed back to the pupil plane (referred to in this case as
the Lyot plane) at stage C. Just before the Lyot stop, the field at stage C is
FC (r) = H
−1
c [FB (k)], where H−1c is the inverse Hankel transform of order c.






















FB (k) Jc (kr) kdk
= H−1c [FB (k)],
(A.5)
where Jc is the Bessel function of order c and where we have dropped the final
phase term. Putting equations A.2 through A.5 together, we get the expression
for the vortex operator: Vc [A (r)] = H−1c [H0 [A (r)P (r)]]. Expanding this out, we
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get,
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When the apodization function A (r) is of the form rn (where n is an integer),






















, if r > RP ,
(A.7)






































APPENDIX A. POLYNOMIAL APODIZERS FOR CENTRALLY OBSCURED
VORTEX CORONAGRAPHS

















































For larger even charges, similar expressions of increasing length may be calcu-
lated. We show Vc [rn] for c = 2, 4, 6 and n = 0, 1, 2, 3 in Figure A.2. Equations
A.7-A.9 show that the vortex operator Vc [A (r)] can be solved in closed form for
any apodization function A (r) that is in piecewise polynomial form (i.e. that
can be decomposed into terms rn that are non-zero over some range of radii).
We also note that analytical solutions to equation A.6 for non-axisymmetric
pupil geometries exist and are presented in Appendix A.
A.2.3 Optimal Mask Algorithm
By taking advantage of the simple expressions for Vc [rn] in Equations A.7-
A.9, we can set up a linear program to find optimal apodizing masks that
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RS RP RS RP RS RP
Radius, r
Lyot Plane AmplitudePupil Plane
Figure A.2 The vortex operator for a charge 2, 4, and 6 PAVC acting on rn for
n = 0, 1, 2, 3. The left hand column shows the electric field amplitude in the
pupil as a function of radius, apodized by (from top to bottom) A (r) = 1, r, r2,
or r3. The plots in the 3x4 grid to the right depict the electric field amplitude
in the Lyot plane as a function of radius after the pupil geometries in the left
column are acted on by the vortex operator. The column depicts the the results
of V2 acting on rn for each value of n, the second column the results for V4, and
the third column for V6. Solid blue lines depict electric field amplitude. The
black dashed lines depict the positions of RS and RP in each plot.
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null an on-axis point source observed with an obstructed pupil. We search











n, if RI < r ≤ RP ,
(A.10)
where RI ≥ RS and where N is the order of the piecewise polynomial we wish
to use to describe A (r).
Using the closed-form solutions we found for Vc [rn], we can find linear con-
straints on the coefficients an and bn of the apodization function such that in
the Lyot plane (Stage C in Figure A.1), the electric field is exactly zero at radii
greater than RI and less than RP . Since the inner Lyot stop at Stage C cov-
ers the region r < RI , an apodization function that is a solution to this linear
program produces perfect cancellation of the on-axis starlight.
The apodization function in Equation A.10 consists of two sets of components–
‘an’ components which are non-zero betweenRS andRP and zero elsewhere, and
‘bn’ components which are non-zero betweenRI andRP and zero elsewhere. The
bn components can be thought of as seeing a central obscuration of radius RI
instead of RS. Therefore, when these components are acted on by the vortex
operator in Equations A.7, A.8, or A.9, RS is replaced by RI . Defining A (r) this
way ensures that when we sum up the terms of A (r) propagated into the Lyot
plane, there exists a solution with zero electric field at RI < r ≤ RP .
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For the case of a charge 2 vortex, the constraints that allow V2 [A (r)] = 0 in












an + bn = 0, if n > 0. (A.11b)

























an + bn = 0, if n 6= (0, 2). (A.12c)




































an + bn = 0, if n 6= (0, 2, 4). (A.13d)
It is also necessary that the solution correspond to a physically real apodizing
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mask, which is guaranteed by the additional constraint
0 ≤ A (r) ≤ 1. (A.14)
If we wish to produce A (r) using a classical apodizing mask, the constraints
in either Equations A.11, A.12, or A.13, and in Equation A.14 are sufficient.
However, if we wish to produce A (r) using shaped mirrors, we also desire mask











I = 0. (A.16)
It is interesting to note that since we are free to add degrees of freedom to
the problem by increasing the order N of the piecewise polynomial describing
A (r), we can continue to add linear constraints while ensuring that the prob-
lem remains solvable. For example, we can ensure that the mask solution be
Ck smooth for any order k.
Having specified the constraints on A (r), it remains choose a figure-of-merit
(FOM) in order to calculate an optimal apodization function. The choice of
FOM depends on both instrument performance goals and how the apodization
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Table A.2 Definitions of Throughput




The integrated energy in the Lyot plane of a PAVC that is
transmitted through the pupil and Lyot stop. For a classically










The total energy of an off-axis source in the Lyot plane. For a











where F (r, θ) is the off-axis source flux in the telescope pupil.
Encircled Energy
Throuhput
The integral of the energy contained in an aperture of
diameter 0.7λ/D centered on the off-axis source position in
the image plane of the PAVC. If (Kx,Ky) is the position of the
off-axis source in coordinates centered on the on-axis star,












y and I (kx, ky) is the amplitude in the
image plane. This quantity approximates the relative signal
strength that would be obtained for an off-axis source when
performing aperture photometry on the source position in the
image plane.
function is produced. One of the key features of the PAVC is that it can be
optimized according to different combinations of FOM and constraints.
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For a PAVC with A (r) produced with a classical apodizing filter, the FOM
ought to maximize filter transmission, while the smoothness and continuity
constraints can be neglected. Meanwhile, for a PAVC with shaped mirrors, a
FOM must be selected that minimizes mirror curvature. In the following sec-
tions, we motivate the FOMs for PAVCs produced with either apodizing filters
or with shaped mirrors, and demonstrate the results we obtain for a range of
central obscuration sizes.
∗∗∗
To summarize, the linear program that needs to be solved to find a perfectly
nulling apodizing pupil mask is defined by:
• A figure of merit (FOM) which depends on the desired properties of the coro-
nagraph,
and by the set of constraints that ensure:
• Lyot plane nulling (equations A.11, A.12, or A.13)
• Feasibility (equation A.14)
• Continuity (equation A.15) (optionally)
• Smoothness (equation A.16) (optionally).
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A.3 The Apodizing Filter PAVC
A.3.1 Figure of Merit Selection
The apodization function for a PAVC incorporating an apodizing mask/filter
at Stage A in Figure A.1 ought to be optimized to permit as much flux through





A (r) rdr. (A.20)
To calculate the FOM, we only integrate T between RI and RP since light
inside RI is blocked by the inner Lyot stop.
For a charge 2 PAVC, maximizing T is equivalent to maximizing total en-
ergy throughput (defined as the integrated energy in the Lyot plane that is
transmitted through the pupil apodizing filter and inner Lyot stop; see Table
A.2 for an overview of how ‘throughput’ is defined and used throughout this pa-
per), since given the constraints in Equation A.11, only the a0 and b0 terms in
A (r) do not sum to zero in the region RI < r < RP . We emphasize that T is not
the same quantity as total energy throughput, which is a non-linear function
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so subject to the constraint that a0 + b0 ≥ 0, it can clearly be seen that finding
the solution to the linear program that maximizes a0 + b0 will optimize both T
and total energy throughput.
This is not the case for higher charges, so strictly speaking optimizing T
will not allow us to find the maximum total energy throughput attainable with
a classically apodized c > 2 PAVC. To find the maximum total energy through-
put achievable by a charge 4 or higher PAVC for a given RS, one would have
to use a non-linear optimizer rather than the linear programming routine we
use here. For this reason, maximizing transmission instead of throughput is
a commonly used method to linearize problems involving optimizing apodized
coronagraph designs (Vanderbei et al., 2003; Carlotti et al., 2012; N’Diaye et al.,
2015). Therefore, we use T as the FOM for charge 4 and 6 PAVCs, while bear-
ing in mind that we may overlook solutions to Equations A.12 and A.13 that
produce higher total energy throughputs than we report.
A.3.2 Total Energy Throughput Performance
In order to explore the PAVC parameter space, we generated optimal smooth
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Charge = 2, Apodized Entrance Pupil




















Charge = 2, Lyot Plane Field





















Charge = 4, Apodized Entrance Pupil















Charge = 4, Lyot Plane Field














Charge = 6, Apodized Entrance Pupil




















Charge = 6, Lyot Plane Field






Figure A.3 Top Row: The left-hand plot depicts the optimal smooth apodizing
mask geometry for a coronagraph designed with a charge 2 vortex for a tele-
scope with RS = 0.3RP . Dashed red lines depict the secondary and primary
mirror radii. The right-hand panel depicts the Lyot field going out to a radius
of twice the radius of the pupil. Dashed red lines depict the inner Lyot stop and
pupil radii. Middle Row: The same set of plots are shown as in the above row,
this time for a coronagraph designed with a charge 4 vortex. Bottom Row: The
same set of plots are shown as in the above two rows, but for a charge 6 vortex.
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apodizing masks for charge 2, 4, and 6 vortices described by various orders of
polynomial for different sized central obscurations. We also generated masks
with non-continuous apodization functions, where we did not impose the con-
straints in Equations A.15 and A.16. Profiles of smooth apodizing masks with
apodization functions described by polynomials of order 20 are shown in Fig-
ure A.3 for charge 2 through 6 PAVCs designed for a central obscuration with
RS = 0.3RP .
The optimal total energy throughput achieved by our linear programming
algorithm as a function of secondary mirror radius is shown in Figure A.4. For
each RS we chose the value of RI that maximizes T . We find that the non-
continuous apodizations have the highest total energy throughput for each
charge, and that smooth apodizations approach the throughput of the non-
continuous apodization for a given charge as the order of the smooth piecewise
polynomial increases.
Since A (r) need not be continuous for a classically apodized PAVC, the op-
timal apodization function for charge 2 PAVC is the same as for the charge 2
RAVC. Therefore, the ideal classically apodized charge 2 vortex coronagraph
is the RAVC. This is not surprising, since the Lyot plane nulling constraint
for a charge 2 PAVC (Equation A.11) constrains the portion of the apodiza-
tion function where r > RI to be flat. For higher charges, we find apodization
functions with substantially higher total energy throughputs than the RAVC
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apodizations presented in Mawet et al. (2013). In fact, for a given central ob-
scuration size, we find that the total energy throughput of the PAVC increases
as the charge increases. This improvement stems from the fact that for higher
charges, the apodization function at r > RI can be expressed by progressively
higher orders of polynomial.
The increasing complexity of A (r) at r > RI with increasing charge in turn
explains why total energy throughput vs. RS for the charge 6 PAVC is not per-
fectly monotonic– maximizing T may start to noticeably underestimate total




[a0 + b0 + (a2 + b2) r
2 + (a4 + b4) r




[a0 + b0 + (a2 + b2) r
2 + (a4 + b4) r
4]
2
rdr, which has an integrand with
higher-ordered terms and three additional cross terms. Meanwhile, optimizing
T for a charge 4 vortex provides a better approximation for optimizing through-
put, since there are fewer terms in both the integrands for T and T.E., and
fewer cross terms in the integrand for throughput. For both the charge 4 and 6
PAVC, the theoretically optimal total energy throughput is slightly higher than
what we report. However, for the purposes of demonstrating the characteris-
tics of the PAVC, the approximate optimal total energy throughput curves we
obtain by optimizing T suffice.
Total energy throughput as a function of both RS and RI is shown in Figure
A.5. We find that the total energy throughput as a function of either radius
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increases with charge. For the charge 2 PAVC, the optimal value ofRI increases
monotonically withRS, while the dependence of the optimal value ofRI onRS is
more complicated for the charge 4 and 6 cases. Indeed, the throughput surface
for the charge 6 coronagraph exhibits a saddle point at around RS/RP = 0.3 and
RI/RP = 0.4, owing to the competing effects of throughput loss due to increased
Lyot stop size and gain in the apodizing mask transmission. Like the result
that PAVC total energy throughput improves as charge increases, the behavior
of the charge 4 and 6 throughput surfaces results from the increasing number
of available degrees of freedom at r > RI as the charge increases. This is true
whether or not the PAVC apodization is constrained to be smooth. As shown in
Figure A.5, forcing the apodization to be smooth affects the performance of the
PAVC, but throughputs for both smooth and discontinuous apodizations are
similar and depend on RS and RI in nearly the same way.
A.3.3 Off-Axis Source Performance
Total and encircled energy throughputs for an off-axis source (see Table A.2)
as a function of the source’s angular separation from the on-axis star are shown
in Figure A.6. We present curves depicting throughput vs. angular separation
for charge 2, 4, and 6 PAVCs, and for RS = 0.1RP and RS = 0.3RP . By plotting
the encircled energy throughout, we provide an estimate of the actual flux an
observer would measure when performing aperture photometry on the final
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Total Energy Throughput vs. Secondary Mirror Radius
Figure A.4 Total energy throughput of charge 2, 4, and 6 apodized vortex coro-
nagraphs are shown as a function of the secondary mirror radius relative to the
primary mirror radius, where an apodizing filter is used. Solid curves are for
apodizations that are not required to be smooth, while dotted, dash-dotted, and
dashed lines are for smooth apodizations described by polynomials of order 4,
8, and 20. The black curves are for a c = 2 coronagraph, and the black solid line
corresponds to the ring-apodized vortex coronagraph. The green curves are for
a c = 4 coronagraph, and the blue curves are for a c = 6 coronagraph.
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Figure A.5 Top Row: Total energy throughputs of apodizing masks optimized
to maximize transmission for combinations of inner Lyot stop radius RI and
secondary mirror radius RS for charge 2, 4, and 6 vortex phase masks. Results
are shown for discontinuous apodizations. RI and RS are shown in units rel-
ative to the primary mirror radius, RP . Throughput for coronagraph designs
where RS > RI are 0. Bottom Row: Results for smooth apodizations described
by order-20 polynomials.
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coronagraphic image (Ruane et al., 2016). Plotting the total energy throughput
as well indicates the total amount of flux from the off-axis source present in
the final coronagraphic image.
In the charge 2 and 4 plots, the encircled energy throughput curve of the cor-
responding charge RAVC is shown for reference. The smooth charge 2 PAVC
underperforms the charge 2 RAVC in terms of throughput, since the ideal
charge 2 apodized vortex coronagraph is the RAVC. However, the situation is
the reverse for the charge 4 PAVC, especially when RS = 0.3RP . In that case
the smooth PAVC outperforms the off-axis throughput of the RAVC by a fac-
tor of 3. We do not show RAVC curves on our charge 6 plots, since in Mawet
et al. (2013), charge > 4 RAVCs were not discussed due to low total energy
throughput performance.
While going from an 0.1RP central obscuration to an 0.3RP central obscu-
ration reduces the encircled energy throughput for an off-axis source by a little
more than half for the charge 4 PAVC (from ∼ 50% to ∼ 22%), for the charge
6 PAVC the maximum off-axis throughput is essentially unchanged (changing
from ∼ 52% to ∼ 50%). However, when going from a central obscuration of
0.1RP to 0.3RP , the angular separation at which the encircled energy through-
put reaches 20% increases from ∼ 3.5 λ/D to ∼ 4.25 λ/D for the charge 6 PAVC.
By comparsion, the charge 4 PAVC with a central obscuration of 0.1RP obtains
a 20% encircled energy throughput at an angular separation of ∼ 2.0 λ/D.
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The charge 6 PAVC addresses the issue of throughput performance for coro-
nagraphs designed for telescopes with large secondary mirrors. The charge 4
PAVC, meanwhile, represents a trade-off between sensitivity to central obscu-
ration size and inner working angle.
Either the charge 4 or charge 6 PAVC may provide the optimal basis for
designing an instrument for an on-axis telescope. Depending on the secondary
mirror size, as well as the relative importance of overall throughput perfor-
mance and the minimum angular separation for an observable off-axis source,
one version of the PAVC may be preferable over the other. The charge 2 RAVC
may be preferable on ground-based telescopes with relatively small secondary
mirrors when sensitivity to low-order aberrations is not a priority but a small
IWA is.
A.4 The Shaped Mirror PAVC
We now show how the PAVC can be implemented with shaped mirrors. In
essence, we are combining the vortex coronagraph with PIAA shaped mirror
apodization, except that the shapes of the mirrors and apodizations we use dif-
fer significantly from those in Guyon et al. (2014). We modify the PAVC setup
slightly, replacing the apodizing filter in Figure A.1 with a pair of shaped mir-
rors, as shown in Figure A.7. In some cases it may be advantageous to reshape
the pupil with mirrors, instead of apodizing with a filter, since there is no loss of
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Total throughput PAVC (RI/Rp = 0.388)
Encircled energy throughput RAVC (RI/Rp = 0.369) 
Encircled energy throughput PAVC(RI/Rp = 0.388)













Charge 2, R s/Rp= 0.1
Total throughput PAVC (RI/Rp= 0.631)
Encircled energy throughput RAVC (RI/Rp = 0.618) 
Encircled energy throughput PAVC(RI/Rp = 0.631)













Charge 2, R s/Rp= 0.3
Total throughput PAVC (RI/Rp =0.395)
Encircled energy throughput PAVC (RI/Rp =0.395)
Encircled energy throughput RAVC(RI/Rp =0.436)













Charge 4, R s/Rp= 0.1
Total throughput PAVC (RI/Rp =0.586)
Encircled energy throughput PAVC (RI/Rp =0.586)
Encircled energy throughput RAVC(RI/Rp =0.719)













Charge 4, R s/Rp= 0.3
Total throughput PAVC (RI/Rp =0.381)
Encircled energy throughput PAVC (RI/Rp =0.381)













Charge 6, R s/Rp= 0.1
Total throughput PAVC (RI/Rp = 0.376)
Encircled energy throughput PAVC (RI/Rp = 0.376)













Charge 6, R s/Rp= 0.3
Figure A.6 First Row: Off-axis throughputs for optimal coronagraph designs
with a charge 2 vortex. The left-hand panel shows the throughput of an off-
axis source, such as a planet, as a function of distance from the on-axis star
in units of λ/D for a coronagraph designed for a telescope with RS = 0.1RP
The blue line is the total throughput, and the yellow line is the encircled en-
ergy throughput. For comparison, the green line shows the encircled energy
throughput of the charge 2 RAVC for the same secondary mirror radius. The
right-hand panel show the same set of curves, this time for a coronagraph de-
signed for a telescope with RS = 0.3RP . Middle Row: Same as above for a
charge 4 vortex. Bottom Row: For a charge 6 vortex.
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B: Vortex Phase 
Mask C: Lyot Stop
Final Image
Figure A.7 The coronagraph design from Figure A.1 modified to replace the
pupil plane apodizer with a pair of shaped mirrors. The shaped mirrors remap
the on-axis flux to has the pupil geometry necessary to null the Lyot field. As in
Figure A.1, parts of the beam labeled in blue are in the pupil plane and those
in green are in the focal plane.
flux due to transmission through the filter, and total energy throughput is lim-
ited by the size of the Lyot stop. We first calculate the mirror shapes needed for
PAVC apodization and describe the tradeoff between the total energy through-
put and mirror curvature. Then, we find mirror shapes that produce apodiza-
tions for a charge 4 and charge 6 PAVC.
A.4.1 Mirror Apodizations for the PAVC
We obtain expressions to describe the circularly symmetric mirror shapes
we use to construct an apodizing shaped pupil following the derivation given
in Vanderbei & Traub (2005) (V05), with some modifications. A pair of mirrors
is used to produce a desired apodization function– the first mirror ‘spreads out’
the incoming point source flux, and the second mirror re-collimates the beam.
We describe the shape of the first mirror with coordinates (ρ, θ) and mirror
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height (relative to a flat mirror) h (ρ, θ). The second mirror is in the pupil plane,
so its coordinates are (r, θ) and its height is h̃ (r, θ). We drop the θ dependence
throughout, since the mirror shapes and apodization functions we wish to solve
for are circularly symmetric, and note that the more general expressions may
be found in V05.
To solve for the mirror heights, we use Equations 24, 291 and 34 in V05,
which, dropping the θ dependence and other constants, are
∂rh̃ = ρ (r)− r, (A.23)
h (ρ) = h̃ (r) +
1
2




ρ (r)2 = 2CA2 (r) r. (A.25)
The extra coefficient C in Equation A.25 normalizes the apodization function,




A2 (r) rdr = 2πR2P . (A.26)
In order to solve Equation A.25, we set A (r) = 1 for r < RS − ε, and use spline
1There is a sign error in equation 29 of V05, which reads H (ρ, θ) = H̃ (r, θ) − P02 −
(r−ρ)2+2(r−ρ)δ cos(θ)+δ2
2P0




that V05 uses coordinates (r, θ), (r̃, θ) instead of (ρ, θ), (r, θ); we express their equation 29 in
the coordinates we use in this paper for clarity.
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interpolation to smoothly connect A (Rs) and A (RS − ε), where ε is an arbitrary
small separation. We note that it can be shown from the expression for ρ (r)
that the equation for the derivative of the second mirror is equivalent to the
second-order Monge-Ampère equation for the second mirror shape presented
in Pueyo et al. (2011) and Pueyo & Norman (2013).
We wish the optimize A (r) to maximize the shaped mirrors’ radii of curva-
ture. Mirror shapes with sharper curvatures are both more difficult to man-
ufacture and increase the magnitude of diffraction effects introduced by the
optics, so we want to use the smoothest mirror shapes possible (Pluzhnik et al.,
2006). We focus on the shape of the first mirror, which we empirically observe
has the sharpest curvatures. The radius of curvature (reciprocal of the curva-









Finding ∂ρh and ∂2ρh is difficult using the setup described in V05, so we solve for
the setup in reverse, where an initial pupil with electric field amplitude A (r) is
reshaped by a series of mirrors to an outgoing beam of uniform amplitude. In
this setup, h (r) is the height of the second mirror, and the desired apodization
function is A−1 (r). Making these adjustments to Equations A.23 and A.24, we
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To maximize the radius of curvature across the mirror shape, it follows that
we want to maximize A and minimize ∂rA. However, as seen in Figure A.8,
the minimum value of A (r) depends on RI , which in turn limits the total en-
ergy throughput. For a desired level of throughput, then, we can optimize for
curvature by adopting ∂rA as the FOM to minimize.


















RI vs. RS for Different Transmission Thresholds
Figure A.8 Minimum inner Lyot stop radii allowing for minimum values of
A (r) of 0.15 (solid lines), 0.4 (dotted), and 0.6 (dashed) are shown as a function
of secondary mirror radius. For simplicity of the figure, only curves for charge
4 are shown.
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A.4.2 Mirror Apodized PAVC Performance
Mirror shapes for the charge 4 PAVC are shown in Figure A.9 for RS =
0.1RP and RS = 0.3RP . Mirrors for the charge 6 PAVC are shown in Figure






For the charge 4 PAVCs in Figure A.9, the total energy throughput is 88% for
Rs = 0.1RP and 68% for RS = 0.3RP . For the charge 6 PAVCs total energy
throughput is 86% and 88%, respectively.
The off-axis throughput curves for shaped-mirror PAVCs are shown in Fig-
ure A.11. Total energy throughputs are shown as blue curves, and demonstrate
a gain in throughput over the use of a greyscale apodizer for each combination
of charge and secondary mirror radius we examined. Encircled energy through-
puts are denoted by yellow curves. For each shaped-mirror PAVC, except for the
charge 4 PAVC with secondary mirror radius RS/RP = 0.1, the mirror shapes
we calculate severely distort the off-axis point spread function (PSF) and result
in a narrow range of angular separations from the on-axis star where even a
modest encircled energy throughput can be obtained. Therefore, we propose us-
ing inverse mirrors placed after the Lyot stop in Stage C in Figure A.7, similar
to the inverse optics proposed for PIAA mirrors (Guyon et al., 2005, 2014). Our
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Mirror Shape Amplitudes, RS/RP = 0.3



























Mirror Shape Amplitudes, RS/RP = 0.1














Charge = 4, Apodized Entrance Pupil














Charge = 4, Apodized Entrance Pupil
















Charge = 4, Lyot Plane Field
















Charge = 4, Lyot Plane Field
Figure A.9 Mirror shape pairs are presented for a charge 4 PAVC for RS =
0.3RP (left) and RS = 0.1RP (right). Mirror shapes are on the top row, and the
overall height displacement of the shapes is relative to the sizes and separation
of the mirrors. Physical mirror heights depend on the radii of the shaped mir-
rors Rm and the separation Z between the two and go as R2m/Z, and translating
the relative heights to a physical mirror shape involves multiplying by this fac-
tor (Traub & Vanderbei, 2003; Pueyo et al., 2011; Pueyo & Norman, 2013). The
apodizations produced by these pairs are shown in the second row, with dashed
red lines denoting the radii of the central obscuration and the pupil. The nulled
field in the Lyot plane (before the inner Lyot stop) is shown in the third row,
with dashed red lines denoting the inner Lyot stop and pupil radii.
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Mirror Shape Amplitudes, RS/RP = 0.3




























Mirror Shape Amplitudes, RS/RP = 0.1














Charge = 6, Apodized Entrance Pupil














Charge = 6, Apodized Entrance Pupil
























Charge = 6, Lyot Plane Field





























Charge = 6, Lyot Plane Field






Figure A.10 The same as Figure A.9, except for a charge 6 PAVC for RS = 0.3RP
and RS = 0.1RP .
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estimate of the encircled energy throughput after the off-axis PSF is restored
by inverse optics is shown by the green curve for each coronagraph design in
Figure A.11.
We estimated restored off-axis PSFs by propagating the off-axis point source
flux through the coronagraphic setup without a pair of shaped mirrors to re-
shape the pupil, and with the total energy normalized by the total energy in the
final image plane of the apodized coronagraph. The restored encircled energy
throughputs we present are therefore upper limits on what may be achieved
with inverse optics. If we treat the encircled energy throughput of an off-axis
source as the best estimate for the ‘usable’ photometric flux, then using shaped
mirrors with inverse optics represents an improvement over greyscale filters
for the charge 4 PAVC by a factor of 2 and the charge 6 PAVC by about 50%.
A.5 Application To Future Telescopes
Moving forward, the PAVC formalism can be used in the design of instru-
ments for arbitrary telescope pupils. In combination with techniques for mini-
mizing the impact of pupil features imposed by secondary mirror support struts
and primary mirror segmentation gaps, the PAVC enables vortex coronagraphs
to be used with the complicated pupils of future space and ground based large-
aperture on-axis telescopes. Eventually, it will be necessary to extend the
PAVC formalism to address the sensitivity of obstructed vortex coronagraphs
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Total throughput PAVC (RI/Rp = 0.385)
Encircled energy throughput with inverse mirrors (estimation)
Encircled energy throughput without inverse mirrors
















Mirror apodization, Charge 4, Rs/Rp = 0.1
Total throughput PAVC (RI/Rp = 0.586)
Encircled energy throughput with inverse mirrors (estimation)
Encircled energy throughput without inverse mirrors
















Mirror apodization, Charge 4, Rs/Rp = 0.3
Total throughput PAVC (RI/Rp = 0.381)
Encircled energy throughput with inverse mirrors (estimation)
Encircled energy throughput without inverse mirrors
















Mirror apodization, Charge 6, Rs/Rp = 0.1
Total throughput PAVC (RI/Rp = 0.376)
Encircled energy throughput with inverse mirrors (estimation)
Encircled energy throughput without inverse mirrors
















Mirror apodization, Charge 6, Rs/Rp = 0.3
Figure A.11 Top Row: Off-axis throughputs for optimal coronagraph designs
with a charge 4 PAVC, where apodizations were obtained with shaped mirrors.
The left-hand panel shows the throughput of an off-axis source, as a function
of distance from the on-axis star in units of λ/D for a coronagraph designed
for a telescope with RS = 0.1RP . The blue line is the total throughput, and
the yellow line is the encircled energy throughput. The green line depicts the
approximate encircled energy throughput obtained when the off-axis PSF is
restored by inverse mirrors placed after the Lyot plane. The right-hand panel
show the same set of curves, this time for a coronagraph designed for a tele-
scope with RS = 0.3RP . Bottom Row: The same set of plots as the top two rows,
but for a coronagraph designed with a charge 6 vortex.
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to low-order aberrations, and to define and optimize figures of merit that are
best suited to real-world on-axis telescopes. However, by effectively solving
posed by central obscurations, the PAVC provides the basis for designing vor-
tex coronagraphs for on-axis telescopes.
Recently, numerical algorithms have been put forward to calculate either
apodizing mask or shaped mirror geometries that mitigate the impact of struts
and primary mirror gaps (so-called ‘spiders’) on vortex coronagraph starlight
suppression (Ruane et al., 2016; Mazoyer et al., 2015, 2016). By using a PAVC
apodizer to correct the central obscuration, we are able to provide a first order
correction for the vortex coronagraph on a pupil obstructed by both a secondary
mirror and spiders. Higher order corrections to the PSF can then be obtained
using either e.g. Ruane et al. (2016) or Mazoyer et al. (2016) to create a dark
hole with ∼ 10−10 contrast while minimizing losses to throughput.
Figure A.12 depicts an example of how a such a combined approach works
on a pupil with a central obscuration of radius RS/RP = 0.17 and spiders.
The pupil shown in Figure A.12 is a realistic aperture for future space tele-
scope missions taken from the Segmented Coronagraph Design and Analysis
(SCDA) program.2 Using a charge 6 PAVC with an inner Lyot stop of radius
RI = 0.414RP , we correct for the central obscuration. In the absence of spiders,
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dition of spiders, the PAVC alone has a contrast ratio of only 10−6 assuming
broadband light with a 30% bandwidth.
When we combine the apodizing filter for the PAVC with mirror shapes ob-
tained using the ACAD-OSM (Active Correction of Aperture Discontinuities-
Optimized Stroke Minimization) algorithm described in Mazoyer et al. (2016),
we obtain the PSF shown in the upper right portion of Figure A.12. ACAD-
OSM builds on the deformable mirror-based Active Correction of Aperture Dis-
continuities (ACAD) algorithm presented in Pueyo & Norman (2013).
The shaped mirror corrections provide a PSF with a dark hole between 1.5
and 15 λ/D with a contrast of 10−10 in 30% bandwidth light. Encircled energy
throughput of an off-axis point source as a function of angular separation from
the star is shown in Figure A.13. The additional correction to the pupil geom-
etry provided by the shaped mirrors reduces encircled energy throughput by
only a few percent, and the encircled energy throughput in the dark hole ex-
ceeds 20% at 4.5 λ/D. At the outer edge of the dark hole, where throughput is
highest, this rises to ∼ 41%.
The example coronagraph design discussed here provides proof of concept
for combining the PAVC with algorithms that compensate for the effects of
struts and segments on telescope pupils. It may be optimized substantially
depending on demands imposed on the coronagraph by the initial pupil geom-
etry. In particular, throughput of the spider correction depends heavily on the
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inner Lyot stop radius used, and it may be possible to determine an ideal inner
Lyot stop radius for a combination of polynomial apodizing filter and spider-
correcting apodization. Furthermore, polynomial apodizing geometries that
correct for the central obscuration may also be optimized to result in a pupil
geometry that requires less correction with numerical techniques.
Application of the PAVC to real-world obstructed pupils with spiders will
likely require us to optimize the throughput of a combined PAVC + spider cor-
recting apodization design. As discussed in § 4, we calculated PAVC apodiza-
tions by maximizing transmission through the apodizing filter, which is a lin-
ear quantity that approximates throughput. However, the actual quantity that
determines the relative flux from an exoplanet or other off-axis source that
the observer will be able to detect is best approximated by the encircled en-
ergy throughput shown in Figures A.6, A.11, and A.13. Since the encircled
energy throughput is a function of angular separation, the optimal FOM will
depend on performance goals for effective inner working angle as well as over-
all throughput. For example, the optimal FOM for a given coronagraph may be
the encircled energy throughput at 3 λ/D. Such a FOM will require us to adopt
a non-linear algorithm for optimizing the pupil apodization. Fortunately, since
PAVC designs have a large number of degrees of freedom compared to the con-
traints needed to ensure ideal starlight suppression, they are well-suited to
addressing complex optimization problems.
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Figure A.12 An example deformable mirror (DM) solution that creates a dark
hole PSF for a centrally obstructed aperture in conjunction with a polynomial
apodizing mask. The pupil, featuring a secondary mirror obscuration with
RS/RP = 0.17 and segment gaps is shown in the upper left. The lower left and
lower right show the mirror shapes that provide the higher-order correction
for segment gaps using ACAD-OSM (Mazoyer et al., 2016) and, in conjunction
with an apodizing mask, produce the PSF in the upper right. The PSF features
a dark hole with a contrast of approximately 10−10 in the region 1.5− 15 λ/D.
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Charge 6 PAVC only (flat DMs)
Charge 6 PAVC + optimized DM shapes (ACAD-OSM)



























ACAD-OSM + Charge 6 PAVC (Rs/RP = 0.414)
Figure A.13 Encircled energy throughput vs. offset for a polynomial apodized
+ ACAD-OSM vortex coronagraph design. The blue curve shows the through-
put obtained in the absence of deformations on the deformable mirrors (DMs),
while the purple curve shows the throughput obtained when both a polynomial
apodizer and shaped mirrors are used to correct the central obscuration and
segment gaps.
Our derivation of analytical expressions for Vc [A (r)] also raises the pos-
sibility of creating PAVC designs that are highly robust to low-order aber-
rations. Currently, we are working on extending our technique for deriving
PAVC apodizations to analytically describe impacts of low-order aberrations
on PAVC designs, and to optimize the PAVC to minimize sensitivity to these ef-
fects. With an unobstructed circular aperture, the sensitivity of a vortex coron-
agraph to small angular offsets of the on-axis source caused by low-order aber-
rations goes approximately as sc, where s is angular separation of the offset
between the telescope pointing and aberrant flux from the on-axis source (typ-
ically  1 λ/D) and c is the charge of the vortex (Jenkins, 2008; Mawet et al.,
2010). Therefore, as the charge of a vortex coronagraphs increases, the corona-
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graph becomes more robust to low-order aberrations. However, in the presence
of a central obscuration, vortex coronagraphs are less robust to these aberra-
tions for a given charge, and the flux ‘leak’ caused by small angular offsets rises
more steeply than sc. Since the PAVC allows for high-throughput coronagraphs
be constructed for on-axis telescopes with charge 4 and 6 vortices, addressing
this issue of robustness will allow the PAVC to take advantage of the stabil-
ity of these charges relative to the charge 2 vortex, as well as their relative
insensitivity to finite stellar angular size.
A.6 Conclusion
The analytical prescription we derived for the PAVC overcomes a funda-
mental hurdle associated with the vortex coronagraph– the loss of starlight
suppression due to the obscuration created by the secondary mirrors of on-axis
telescopes. With the apodizing pupil masks in this paper, we are able to re-
store the theoretically total and achromatic starlight suppression of the vortex
coronagraph while maintaining off-axis throughput. When produced with a
classically apodizing mask, the apodization functions we derive offer through-
puts that are competitive with or substantially higher than other high-contrast
coronagraph designs (e.g. Mawet et al., 2013; N’Diaye et al., 2015; Guyon et al.,
2014) for centrally obscured pupils, especially with a charge 6 vortex. When
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produced with shaped mirrors, PAVC throughput can be improved even fur-
ther, albeit at the cost of a more complicated instrument design.
The classically apodized PAVC has a total energy throughput of ∼75%, 75%,
and 80% for charges 2-6 respectively with a central obscuration with RS =
0.1RP , and ∼ 35%, 45%, and 70% with a central obscuration with RS = 0.3RP .
Predictably, total energy throughput decreases as the radius of the central ob-
scuration increases. However, the apodizations produced with our PAVC for-
malism perform better for all definitions of throughput discussed in this paper
as the vector vortex charge increases, particularly with large central obscura-
tions. For a central obscuration of RS = 0.3RP , the encircled energy throughput
is ∼ 22% for the charge 4 PAVC, dropping from ∼ 50% when RS = 0.1RP . For
the charge 6 PAVC, total energy throughput is ∼ 50% when RS = 0.3RP , and
only slightly higher for smaller central obscurations.
Using shaped mirror pairs to apodize the PAVC allows us to further improve
throughput, but requires a more complicated design. We found mirror shapes
for charge 4 and 6 PAVCs. For the case of the charge 4 PAVC, we obtained a
total energy throughput of 88% with RS = 0.1RP and 68% with RS = 0.3RP .
For the charge 6 PAVC, these figures are 86% and 88%, respectively. Since the
shaped mirrors induce considerable distortion to the off-axis PSF, in order to
obtained reasonable encircled energy throughputs for off-axis sources, it is nec-
essary to add inverse optics to the PAVC downstream of the Lyot plane. With
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inverse optics, designing the PAVC with shaped mirrors instead of an apodiz-
ing filter could improve the encircled energy throughput of the charge 4 PAVC
by as much as a factor of 2, and the charge 6 PAVC by 50%. While the PAVCs
we present use mirror shapes that require inverse-mirror optics to obtain use-
ful off-axis PSFs, our algorithm can also be used to find the trade-off between
throughput and curvature that may allow us to overcome the limitation im-
posed by off-axis PSF distortion by the shaped mirrors.
Our results overcome the challenge posed to vortex coronagraphs by large
central obscurations. We describe a formalism for finding pupil apodizations
that restore ideal starlight suppression while preserving high throughputs for
off-axis sources for vortex coronagraphs with charges > 2. As mentioned in Ru-
ane et al. (2016), synergy exists between apodized vortex coronagraph designs
that compensate for central obscurations and designs that compensate for pupil
obstructions introduced by struts and primary mirror gaps. We provide an ex-
ample of implementing a synergistic PAVC + numerical design by combining
the PAVC with ACAD-OSM pupil shaping (Mazoyer et al., 2016). Apodized
vortex coronagraphs such as this example are promising candidates for high-
contrast instruments designed for on-axis telescopes with complicated pupils.
Our results greatly expand the flexibility of vortex coronagraph designs, and
represent a step forward towards implementing vortex coronagraphs capable
of directly imaging Earth-sized exoplanets.
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A.7 Vortex Operator for Analytical Pupil
Shapes
While the central obscuration imposed by the secondary mirror is the largest
feature in the pupil geometry of an on-axis telescope design, on axis designs
will also feature a number of spiders. In the following, we demonstrate how
the prescription we present in Section 2 for circularly symmetric pupils may be
extended to describe the propagation of non-circularly symmetric components
of a telescope pupil.
The vortex operator we have described in this paper may be extended for
any aperture geometry that can be described by a Zernike polynomial expan-
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sion. Such a description allows us to analytically propogate the effects of both
the secondary mirror of an on-axis telescope and the pupil ‘spiders’ which re-
sult from discontinuities in the primary mirror and the support structure for
the secondary mirror.
We consider a pupil geometry which can be expanded into terms rnpeimpθ, in
the region RS ≤ r ≤ RP , and an apodizing mask which can be expanded into








The electric field at the Lyot plane for a c = 4 coronagraph for one of these
terms is analytic so long as n + m is even, unless n ≥ 0 and n + m = −4 or
n+m = −2. For a given term




0, if r < Ri.
rneimθ, if Ri ≤ r ≤ RP
(A.31)
the electric field in the Lyot plane at Ri ≤ r ≤ RP is




n + C1 (n,m) r
−m−2 + C2 (n,m) r
−m−4] (A.32)
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(n+m+ 4) (n+m+ 2)
, (A.33)
C1 (n,m) =





Rm+n+2i , if m ≥ −1









Rm+n+4i , if m ≥ −1
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